Improvement of Australian wheat grain functionality for breadmaking by introgression of novel high-molecular weight glutenin subunits into Australian cultivars by Roy, Nandita
  
Improvement of Australian wheat grain functionality for 
breadmaking by introgression of novel high-molecular weight 
glutenin subunits into Australian cultivars  
 
NANDITA ROY 
 
A thesis submitted to Murdoch University in fulfilment of the requirements for the degree of 
Doctor of Philosophy 
 
Australia-China Joint Centre for Wheat Improvement 
School of Veterinary and Life Sciences 
Murdoch University 
Perth, Western Australia 
 
 
 
 
 
 
2019 
  
  
 
i 
 
Declaration 
 
I am Nandita Roy, certify that: This work contains no material previously submitted for a degree or 
diploma in any University or other tertiary institution and, to the best of my knowledge and belief, no 
material which has been published or written by any other person except where due reference is made 
in the text. 
 
  
ii 
 
Table of Contents 
 
Declaration i 
Table of Contents ii 
Acknowledgments x 
Abstract xii 
Abbreviations xiv 
Publications and conferences xvi 
List of Tables xvii 
List of Figures xviii 
Chapter 1 1 
General Introduction 1 
1.1 Aims of the project 1 
1.2 Background 1 
1.3 Thesis outline 3 
1.4 References 4 
Chapter 2 6 
Literature review 6 
2.1 Wheat 6 
2.1.1 Evolution of bread wheat 6 
2.1.2 Australian Wheat 7 
2.1.3 Grain composition of wheat 7 
iii 
 
2.1.4 Storage protein and baking quality 8 
2.2 Wheat grain protein composition and classification 10 
2.2.1 Albumins 11 
2.2.2 Globulins 11 
2.2.3 Gluten 11 
2.2.4 Gliadins 12 
2.2.5 Glutenins 12 
2.3 The genetics of gluten (gliadins and glutenins) 14 
2.3.1 x and y-type HMW-GSs 15 
2.3.2 Expression pattern of HMW glutenins genes in different types of wheat 16 
2.4 The role of HMW-GS 17 
2.4.1  Allelic variation of HMW-GSs in Australian wheat cultivars 17 
2.4.2 Interaction effects of HMW-GSs on baking quality 18 
2.4.3 Modifying HMW-GS composition to improve baking quality 20 
2.4.4 Novel HMW-GS to improve grain quality 20 
2.5 Conventional solution for introducing novel protein subunits 21 
2.6 The relationship between grain yield and protein content: a wheat breeding challenge 21 
2.7 Genetic and environmental effects on the expression of HMW glutenin content 21 
2.8 Tools for the identification of target HMW-GS for wheat breeding 22 
2.9 Protein, dough, and breadmaking quality testing 23 
2.10 Summary 25 
2.11 References 26 
iv 
 
Chapter 3 37 
Agronomic and grain quality characterisation of 1Ay HMW-GS reciprocal introgression near-isogenic 
lines (NILs) in commercial wheat backgrounds 37 
3.1 Abstract 37 
3.2 Introduction 37 
3.3 Materials and Methods 38 
3.3.1 Plant material and breeding procedure 38 
3.2.2 Target protein identification 40 
3.3.3 Ay21* subunit identification and quantification 41 
3.3.4 Statistical analysis 43 
3.4 Results 43 
3.4.1 Gluten protein composition comparison between the introgressed Ay21* reciprocal NILs 43 
3.4.2 Grain and protein quality of the NILs 44 
3.4.3 Plant morphological characteristics 44 
3.5 Discussion 44 
3.6 References 55 
Chapter 4 58 
Expression of the 1Ay HMW glutenin subunit in Australian wheat cultivars has a positive effect on 
wheat grain quality 58 
4.1 Abstract 58 
4.2 Introduction 58 
4.3 Materials and Methods 60 
4.3.1 Plant materials 60 
v 
 
4.3.2 SDS-PAGE 60 
4.3.3 MALDI-TOF-MS 60 
4.3.4 SE-HPLC 61 
4.3.5 RP-HPLC 61 
4.3.6 Quality attributes 61 
4.3.7 Statistical analysis 62 
4.4 Results 62 
4.4.1 Identification and characterization of Ay21* HMW-GSs 62 
4.4.2 Alteration in overall protein composition 62 
4.4.3 Influence of the Ay glutenin subunit on agronomic performance and dough quality 63 
4.5 Discussion 64 
4.6 References 72 
Chapter 5 76 
Introgression the of 1Ay21* gene into Australian wheat cultivar Lincoln resulted in increased protein 
content and baking quality without yield reduction 76 
5.1 Abstract 76 
5.2 Introduction 76 
5.3 Materials and Methods 78 
5.3.1 Introgression of the active Ay allele into Australian cultivar Lincoln 78 
5.3.2 Characteristics of the wheat seed and flour physical properties 78 
5.3.3 Characterisation of flour protein 79 
5.3.4 Characterising dough properties 80 
5.3.5 Baking and bread quality assessment 80 
vi 
 
5.3.6 Statistical analysis 81 
5.4 Results 81 
5.4.1 Grain protein composition 81 
5.4.2 Agronomical and grain quality characteristics 81 
5.4.3 Flour and dough quality 82 
5.4.4 Bread quality 83 
5.5 Discussion 83 
5.5.1 Grain yield and grain protein content relationship in NILs 83 
5.5.2 Influence of the expressed Ay21* allele on dough rheological properties and bread quality
 84 
5.6 Conclusion 85 
5.7 References 93 
Chapter 6 96 
Evaluation of breadmaking performance of introgression NILs carrying the expressed HMW-GS Ay 
subunit alleles Ay21* and AyT1 in Australian wheat cultivar 96 
6.1 Abstract 96 
6.2 Introduction 96 
6.3 Materials and Methods 98 
6.3.1 Plant material 98 
6.3.2 Field trials 98 
6.3.3 Characteristics of the wheat seed and flour physical properties 98 
6.3.4 Identification of Ay HMW-GSs 98 
6.3.5 Characterisation of dough properties 99 
vii 
 
6.3.6 Baking and bread quality assessment 99 
6.3.7 Statistical analysis 99 
6.4 Results 99 
6.4.1 HMW-GS composition of Ay21* and AyT1 introgression NILs 99 
6.4.2 Protein attributes of Ay21* and AyT1 introgression NILs 100 
6.4.3 Morphological and physical characteristics of wheat grain and flour in the Ay introgression 
lines 100 
6.4.4 Rheological properties of flour and dough of NILs 101 
6.4.5 Effects of introgressed expressed Ay alleles on baking quality 101 
6.5 Discussion 102 
6.5.1 Differential influence on protein content and composition 102 
6.5.2 Differential effects of two different, expressed Ay subunits on dough rheological properties
 103 
6.5.3 Differential influence of the expressed HMW-GS alleles Ay21* and AyT1 on baking quality
 104 
6.5.4 Influence of expressed HMW-GS Ay alleles on agronomic and grain physical properties 104 
6.6 References 111 
Chapter 7 114 
Cloning and characterisation of the expressed 1Ay HMW glutenin subunit allele AyT2 from durum 
wheat and its introgression into Australian wheat cultivars 114 
7.1 Abstract 114 
7.2 Introduction 114 
7.3 Materials and Methods 115 
7.3.1 Characterization of the complete ORFs of 1AyT2 from tetraploid wheat line TTD201 115 
viii 
 
7.3.2. Phylogenetic tree construction 116 
7.3.3 MALDI-TOF MS analysis 116 
7.3.5 Grain and protein quality measurements 117 
7.3.6 Statistical Analysis 117 
7.4 Results 118 
7.4.1 Identification of the AyT2 subunit 118 
7.4.2 Molecular characterization of AyT2 gene 118 
7.4.3 Introgression of the AyT2 subunit into Australian wheat cultivars 119 
7.4.4 Protein quality and agronomical characteristics of NILs carrying the AyT2 HMW-GS 119 
7.5 Discussion 119 
7.5.1 Identification of a novel expressed 1Ay HMW-GS allele has great potential to improve 
protein quality of bread wheat 119 
7.5.2 Gene and protein characterisation confirmed that the AyT2 subunit is different from the other 
two alleles studied in this thesis and hence novel 120 
7.5.3 This study demonstrated that the AyT2 subunit is transferrable to bread wheat without 
causing adverse effects and that is has potential to improve protein quality in the grain 121 
7.6 References 140 
Chapter 8 142 
General discussion 142 
8.1 Introduction 142 
8.2 Major outcomes of this thesis 142 
8.3 General discussion 143 
8.3.1 The Ay21* and AyT1 HMW-GS have the potential to improve protein and dough quality
 143 
ix 
 
8.3.2 The NILs possessing expressed Ay HMW-GS can be utilised to improve quality of Australian 
wheat for the bakery industry 144 
8.3.3 In cv. Lincoln background, the expression of the 1Ay21* allele increased the protein content 
without a yield penalty 145 
8.3.4 Cloning and characterisation of a novel AyT2 HMW-GS allele 145 
8.4 Future research directions 146 
8.4.1 Field trials and quality testing of Ay21* introgression wheat lines 146 
8.4.2 Development of specific molecular markers for the AyT2 subunit 146 
8.5 Novelty of this thesis and potential implications for future wheat grain quality research 147 
8.6 Conclusion 147 
8.6 References 150 
 
 
  
x 
 
Acknowledgments 
I would like to express my sincerest gratitude to my supervisors Professor Wujun Ma and Dr. Shahidul 
Islam who are the mentors of my research career. I sincerely appreciate your suggestions, motivation, 
cordial approach and enormous support that has made this journey successful. 
I must express special thanks to my principal supervisor, Professor Wujun Ma, for his priceless 
suggestions, valuable input and support to my project. I owe him lots of gratitude for showing me a new 
area of research, his dynamic view of research and his provision of resources. I must thank him for 
giving me the freedom to manage this research while providing guidance when needed, and a research 
assistantship that has helped me immensely. I would like to acknowledge Dr. Shahidul Islam for 
unwavering support and coaxing to get the level of scientific rigour in this thesis. I appreciate all his 
contributions of time, ideas, productive discussions, constructive comments and guidance in the 
preparation of this thesis. My cordial thanks to Dr. Meiqin Lu AGT breeder, for managing two years of 
field trials and large-scale quality tests at the IA Watson Wheat Research Centre in Narrabri NSW. Dr. 
Yanchun Peng, Dr. Mirza Nazim Ud Dowla, Dr. Zitong Yu, Dr. Yujuan Zhang,  Sonia Afrin, Zaid 
Alhabbar,  Masood Anwar, Nigarin Sultana, Nusrat Khan, Dr. Farhana Begum, Nan Shi, Yun Zhao, 
Xin Hu, and Adjunct professor Chris Florides from Australia-China Joint Centre for Wheat 
Improvement (ACCWI) research team. I also acknowledge Prof. Domenico Lafiandra, Prof. Rudi 
Appels, and Dr. Ferenc Bekes for their enormous support of this thesis. Without their precious help, it 
would not have been possible to conduct this research. I would like to acknowledge my advisory 
committee chairs Prof. Shahi Sharma and Prof. David Pethick for their encouragement and support 
throughout my Ph.D. work. I am grateful for the financial support received from Murdoch University 
in the form of a postgraduate scholarship (APA) with top-up funding and for a Conference Travel 
Award. I am also thankful to the State Agricultural Biotechnology Centre (SABC) for providing me 
access to their research facilities. I would also like to extend my thanks to all the excellent people at the 
SABC, especially Dr. David Berryman, Frances Brigg and Prof. Mike Jones for administrative and 
technical assistance during my research work in the lab. 
I wish to acknowledge my family, most importantly, my heartfelt thanks and indebtedness to my 
beloved husband Nilimesh Halder for his enormous support, understanding, and patience during my 
candidature, especially in the last few months of thesis writing. My father Bimal Chandra Roy and my 
mother Dipty Roy who are the source of moral and emotional support in my higher studies and for 
showing me the right values and path in life. I am also grateful to my parents-in-law, and all my 
relatives. Thanks for always being within reach whenever I need support and encouragement. Whatever 
I do and wherever I am, they are always the most important people in my heart and make me who I am. 
Finally, I’d like to say that my 7-years old son Noenov Halder is the greatest inspiration to all my 
xi 
 
endeavours and thank you very much for tolerating me while I worked nights and weekends to complete 
this research. I dedicate this thesis to you, as I know without your support I would not have survived 
my life as a PhD candidate. I believe God allows us to succeed. 
 
 
 
xii 
 
Abstract 
Bread wheat (Triticum aestivum) is one of the most important cereal crops in the world. It is an 
important component of human diet, chiefly as the main ingredient of the many available presentations 
of bread and noodles around the world. Wheat flour can produce dough with visco-elasticity properties, 
which is essential for bread making. Glutenin, a group of grain storage proteins, confers these visco-
elasticity properties of dough. From the food production point of view, it is also called functional protein 
since it regulates end product quality. The breadmaking quality of Australian wheat cultivars can be 
enhanced by improving grain glutenin protein content. In this thesis, a range of HMW glutenin protein 
manipulation was conducted utilising introgression lines containing various alleles of the 1Ay high-
molecular-weight glutenin subunit (HMW-GS) gene - which is silenced in current Australian wheat 
cultivars.  
Wheat lines expressing two 1Ay HMW glutenin subunit alleles, 1Ay21* and 1AyT1, sourced from Italian 
hexaploid wheat germplasm, were successfully introgressed into a range of commercial Australian 
cultivars and advanced to the BC4F4 generation before further rounds of selfing were conducted to 
generate nearly-isogenic lines (NILs) carrying the introgressed genes. The F1 generation was developed 
by reciprocal crossing of the Australian cultivars with Ay donor wheat lines. MALDI-TOF mass 
spectrometry and SDS-PAGE were used to confirm introgression of the target 1Ay HMW-GS at each 
generation. Ay introgression NILs were developed through conventional breeding process that’s why 
may have change some unwanted gene effects on plants growth habit, grain and protein quality. The 
influence of different alleles of 1Ay on relative HMW GSs composition, HMW‐ /LMW‐GSs ratio, end‐
use quality and grain yield has been evaluated from plants grown in small-scale glasshouse experiments 
and large-scale field trials. NIR and HPLC analyses were used for protein quantification. Extensograph, 
farinograph, and baking tests were carried out to evaluate dough and bread quality. Because of 
traditional breeding, there has been a greater possibility of passing unwanted genes in advance 
generations. That is why, the agronomic performance on 1Ay allele introgression lines have also been 
examined though large-scale field trial. 
Expression of the novel Ay subunits in the NILs was stable in the Australian environment, as evidenced 
by the analysis results of grain from two years of field trials. No significant differences were observed 
between the reciprocal crossing NILs in terms of agronomic traits and grain protein attributes based on 
small scale quality test. However, introgression of the expressed 1Ay subunit genes led to an overall 
increase in protein and glutenin contents and resulted in significant increases of various end-product 
quality parameters. The level of changes was variable between the cultivar’s background. The active 
1Ay21* subunit increased the amount of total protein by up to 15.4%, gluten content by up to 10%, 
glutenin content by up to 5%, the HMW-to-LMW-GS ratio and hence improved the dough extensibility 
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(21%) without affecting the expression levels of the other subunits at Bonnie Rock background. On the 
other hand, expressed 1Ay21* increased polymeric protein (UPP%) by up to 14.3%, and improved 
dough strength by up to 28% respectively in Livingston background NILs. The Lincoln-derived Ay21* 
NILs showed increased grain protein% by up to 9% and grain yield up to 10%, indicating that protein 
content and grain yield can be increased simultaneously by introgressing the expressed Ay21* gene 
which shows great potential to ultimately increase Australian wheat productivity and value without 
increasing production costs. NILs at Lincoln bacground also showed increased UPP% by up to 24%, 
bread volume by up to 28%. The thesis also studied the allelic effect of expressed 1Ay gene that showed 
the two alleles have different levels of potential in improving grain, dough and baking qualities. On the 
other hand 1AyT1 subunit increased total grain protein by up to 9%, dough elasticity (Rmax) increased 
by up to 24%, reduced dough mixing time by up to 23% and increased bread volume by up to 2.4% 
(rapid-dough protocol) compared to the recurrent parent Livingston.  
Since this study demonstrated significant variation between two expressed 1Ay alleles (Ay21* and 
AyT1) allele in influencing protein and end product quality another novel expressed Ay allele (AyT2) 
from an Israeli wheat tetraploid line also cloned and  characterised.  NILs were also generated in three 
Australian wheat cultivars Yitpi, Kukri and Livingston by integrating this novel expressed 1Ay HMW-
GS, as for the other two Ay alleles. Result showed that the open reading frame of AyT2 is 1830 bp long 
and encodes a 608-residue polypeptide. 1AyT2 introgression NILs showed that UPP% increased by up 
to 50% and seed size increased by up to 36%.  
The wheat lines developed in the current study and carrying the novel Ay HMW-GS genes have the 
potential to become new varieties or be used as parent lines by breeding programs to improve grain 
protein content and composition, thus improving viscoelastic properties of dough and therefore quality 
of baking products. Such improvement would in turn contribute toward enhancing the marketability of 
Australian wheat in global markets.  
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Chapter 1 
General Introduction 
1.1 Aims of the project 
This study aimed at improving Australian wheat quality for use in the bakery industry by increasing the 
functional protein content and optimizing protein composition. Specifically, the study investigated the 
influence of the high-molecular-weight glutenin subunit (HMW-GS) Ay allelic variants 1AyT1 and 
1Ay21* on protein composition, dough properties, breadmaking performance attributes through small-
scale quality tests, and large-scale quality testing. In the same time field trials was done of Ay 
introgression Australian background wheat lines with their corresponding Australian wheat cultivars to 
evaluate the adaptability in Australian environment. This study also led to cloning and characterisation 
of the novel 1AyT2 HMW-GS allele and its introgression from the tetraploid wheat line TTD201 into 
commercial Australian wheat cultivars. 
1.2 Background 
Wheat is one of the most important grain cereal crops in the world. It is a key source of energy, protein 
and dietary fibre in human nutrition (Anjum et al., 2007). Wheat protein quantity and quality determine 
wheat product quality and thus marketability. Australia is the fifth-largest wheat producer worldwide, 
with nearly 29 million tons of wheat produced annually, making up about 65 to 70% of the world export 
market (FAO 2007-2012). Only a small proportion (5%) of Australia’s export-wheat rates as high-
protein quality (Australian Grain Accumulation 2008), compared to North America, which exports 
more than 50% as more desirable high-protein quality (13-14.5% protein content) wheat. Therefore, 
low protein content is an issue that affects the marketing of Australian wheat. The predominance of 
sandy soils, especially in WA, makes it difficult to increase protein content in Australian wheat. A 
standard way of increasing grain protein content is by using fertilizers, which ultimately increases the 
net production cost. Wheat storage protein quality and composition determine the dough strength and 
dough extensibility. Those are the primary parameters responsible for baking quality (Ma et al., 2005). 
Australian wheat grain protein composition must be optimised to achieve high baking quality and 
marketability. The ability of wheat flour to be processed into different foods is mainly determined by 
the gluten protein composition (Malik et al., 2009). In wheat flour, gluten accounts for approximately 
90% of total protein. It comprises two main groups of proteins known as gliadins and glutenins. 
Glutenins are polymeric proteins that consist of long polypeptide chains linked via disulphide bonds, 
which confer viscoelastic properties on the dough that are crucial determinants of breadmaking quality 
(Payne et al., 1987), with HMW-GSs exerting the main effects by determining dough functionality and 
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viscoelasticity by forming larger polymers (Cornish et al., 2006). The amount of HMW-GSs correlates 
positively with dough strength (Shewry 2009), contributing about 40-60% of overall dough quality 
(Payne et al.,1982) even though they constitute only 10% of the total storage proteins.  
The HMW-GSs are made up of the multiallelic glutenin subunit genes Glu-A1, Glu-B1, and Glu-D1, 
located in the long arms chromosomes 1A, 1B and 1D, respectively (Goutam et al., 2013). HMW-GSs 
are subdivided into two types, encoded by x-type and y-type genes (Gao et al., 2012). In common 
Australian hexaploid wheat, the genes coding for subunits 1Ax, 1Bx, 1By, 1Dx, and 1Dy are usually 
expressed while 1Ay HMW-GS is silent (Jiang et al., 2009a). 1Ay subunits have shown very promising 
glutenin properties (Ciaffi et al., 1991) and have been reported in wild diploid and tetraploid (durum) 
wheat genotypes (Ma et al., 2007; Waines et al.,1987). Roger and others (1997) reported that 
introducing 1Ay subunits from diploid (wild) wheat into hexaploid wheat increased glutenin strength. 
Recently, some unique 1Ay alleles were discovered in germplasm collections. Two Italian wheat lines 
(C422 & N11) were found containing expressed Ay subunits with molecular weights of 63.55 kDa and 
61.0 kDa. An additional 1Ay alike HMW-GS (1AyT2) has been found in the tetraploid wheat line TTD 
201 in Israel.  
In this study three unique Ay subunits 1AyT1, 1Ay21 and 1AyT2 have been introgressed into common 
Australian cultivars and developed total 22 new 1Ay allele expressing wheat NILs. However, the impact 
of novel subunits of new wheat lines on end product quality and adaptability is not examined yet. In 
this thesis, broadly illustrated protein, dough and bread making the quality of new Ay expressed line 
through small- and large-scale quality test are examined and evaluated. In brief, this thesis set out to fill 
this gap by characterising the agronomic performance, the protein composition, flour quality, dough 
parameters, and breadmaking quality of new 1Ay introgression lines by conducting small and large-
scale quality tests using grain produced in the glasshouse and in the field. These wheat lines could be 
potential sources of new HMW-GSs to breed new cultivars with superior breadmaking quality, thereby 
enriching Australian wheat germplasm and with the potential to contribute to improved marketability 
of Australian wheat. 
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Chapter 2 
Literature review 
2.1 Wheat 
2.1.1 Evolution of bread wheat 
Bread wheat is the result of natural hybridisation processes between various wild grass genera, followed 
by human selection and domestication. Ancestral wheat has been found in the southern Caucasus and 
in Israel in Neolithic settlements dating from the late fifth and early fourth millennium B.C. (Shewry 
2009). In the first hybridisation event, the A genome progenitor combined with the B genome progenitor 
to form a first tetraploid, wild emmer (AABB, 2n=28). This hybridisation event occurred in the 
cytoplasm of the B genome. The second event involved hybridisation between the tetraploid (AABB) 
form and the D genome progenitor, to form the primary hexaploid, wheat (AABBDD) (Figure 2.1). The 
A genome progenitor has been identified as Triticum urartu. The unknown B genome donor is a goat 
grass closely related to Aegilops speltoides (T. speltoides) and the D genome progenitor is T. tauschii 
(Bálint et al.,2000; Katsiotis et al.,  1996). 
 
Figure 2.1 The evolutionary and genome relationships between cultivated bread and durum 
wheat and related wild diploid grasses, showing examples of spikes and grains.  
Image modified from Snape and Pánková (Shewry 2009) 
Worldwide, mainly two species of wheat are commonly grown, i.e., bread wheat (T. aestivum) and 
durum wheat (T. turgidum ssp. durum). Hexaploid bread wheat possesses an AABBDD genome 
configuration, with seven chromosomes contributed by each genome for a total of 21 pairs of 
chromosomes (2n = 42) (Fernandes et al., 2000). Tetraploid durum wheat has an AABB genome 
configuration with 14 pairs of chromosomes (2n=28, AABB) (Feldman & Levy, 2012). About 95% of 
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the wheat grown worldwide is hexaploid bread wheat (Shewry 2009).  On average, nearly 220.4 million 
hectares of wheat are grown every year, with a total production of approximately 749 million tonnes 
(Brian et al., 2017) 
2.1.2 Australian Wheat 
Wheat was introduced into Australia at the time of European settlement in the year 1788. William Farrer 
developed wheat varieties adapted for Australian conditions in the early 20th century, among them the 
famous rust-resistant and higher-yielding variety Federation, released to growers in 1903 (Bonjean et 
al., 2001). A substantial increase in wheat production began in the mid-1950s. Nowadays Australia’s 
annual wheat production averages close to 25 million tonnes, accounting for 56% of Australian grain 
production. This volume makes Australia a small producer in the global context, accounting for 3–4% 
of annual international wheat production. However, Australia is an important player in the global wheat 
trade, accounting for 10–15% of global wheat exports, depending on domestic supply (Blakeney et al., 
2009). The Australian wheat has high flour extraction rates, bright white flour colour, low moisture 
content, white seed coat, and good starch qualities. Domestically Australian wheat meets almost 100% 
of Australia’s wheat needs. Internationally, Australian wheat is good for Asian noodles, pasta, bread, 
and other baked goods, pastries, cakes, and biscuits (Blakeney et al., 2009). Australian wheat is typically 
divided into five classes, according to their quality performance, including Australian Prime Hard 
(APH), Australian Hard (AH), Australian Premium White (APW), Australian Standard White (ASW), 
and Australian Soft (AS). 
2.1.3 Grain composition of wheat  
The bulk of milled wheat grain consists of the endosperm, mainly made up of starch and protein. The 
outer layer of the intact endosperm is called the aleurone layer, which consists of a single layer of cubic-
shaped cells (Figure 2.2). It possesses proteins and enzymes that play a very critical role during the 
germination process (Šramková et al., 2009). The inner starchy endosperm contains mainly food 
reserves needed for growth of the seedling; it is rich in energy-yielding starch and dietary fibre, with 
approximately 85% starch or carbohydrates, 2-3% fats, and 10-18% various proteins such as albumins, 
globulins, and the gluten complex made up of glutenins and gliadins. The grain further contains various 
important minerals (ash) and vitamins that make important contributions to daily human requirements 
(Belderok et al., 2000; USDA Nutrient Database). 
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Figure 2.2 Anatomy of a wheat grain.  
Longitudinal and transverse sections of a wheat grain with the main anatomic features 
identified. Image source: Ekaterina Strounina (2009) 
 
2.1.4 Storage protein and baking quality 
Wheat grain protein content is essential in the marketplace, as it is one of the key buying criteria on 
which international wheat trade is based (Figure 2.3). Buyers use protein content as an indication of the 
potential end-uses of the grain being bought (Janzen et al., 2001). Wheat breeding and variety 
classification are both critical in maintaining the linkage between protein content and end-use quality.  
The protein component of wheat flour, when hydrated by the addition of water and mixed well, can 
form a continuous network of gluten (Song et al., 2007). The gluten network is responsible for providing 
the cell structure to a loaf of bread (Payne et al., 1987). The quality of the gluten can have a substantial 
effect on bread loaf volume, appearance and consumer acceptance (He et al., 1992). The end-users 
apply a range of measurements, from the determination of the actual amount of gluten in the flour 
through to the assessment of the viscoelastic properties of dough (Souza et al., 2002). 
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        Image source: Blakeney et al., (2009) 
The viscoelastic properties of wheat flour dough can help to hold gas bubbles and produce light-baked 
products. These unique properties of wheat flour make wheat suitable for the preparation of a great 
diversity of food products such as bread, pasta, cookies, cakes, chapatti, and many other products 
(Hoseney et al.,1990). It is generally accepted that high-protein-content wheat grain relates to good 
breadmaking quality, although it is not the only determining factor of end-product quality (Marchylo et 
al., 2001). Protein quality and functionality is also an essential characteristic that defining the variability 
in breadmaking quality (Goesaert et al., 2005). 
Dough strength is a critical breadmaking criterion. Viscoelasticity is the property responsible for dough 
strength. Among the cereal flours, only wheat flour can form three-dimensional viscoelastic dough 
(Dobraszczyk et al., 2003; Miller KA et al., 1999). Wheat protein quality and composition determine 
the viscoelasticity, dough strength, and end-product quality of the flour (Wieser et al., 2007). Glutenin 
proteins, especially HMW glutenins, are critical in determining dough viscoelasticity, since they form 
larger glutenin polymers (Shewry et al., 2003). Variations in the amount and composition of HMW-
GSs directly influence end-product quality. HMW-GSs constitute only 10% of the total grain protein, 
but they account for 40-60% of the effects on dough quality (Payne et al., 1987; Singh et al., 2007). 
Figure 2.3 The relationship between end-product and wheat grain 
characteristics (protein and hardness) 
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Therefore, increasing or improving HMW-GSs offers potential avenues to improve end-product quality 
for the baking industry and therefore also marketability of Australian wheat varieties. 
Australian wheat has generally low protein percentage compared to other major wheat producing 
countries (Bushuk et al.,1997). This low protein content thus affects pricing and desirability in global 
wheat export markets (Dua et al., 2009). One of the main reasons for low protein content is the 
widespread presence of poor sandy soils in the Australian wheatbelt, mainly in WA (Ludwig et al., 
2006). This problem is not easy for Australian wheat growers to overcome without incurring additional 
costs, e.g., for increased fertilizer inputs. A viable, affordable alternative could be to breed new varieties 
with improved viscoelastic properties by genetically modifying protein functionality or composition, 
e.g., by introgressing novel glutenin proteins from related germplasm sources.  
2.2 Wheat grain protein composition and classification 
Wheat protein content in the endosperm varies from 10 to 18%. Seed storage proteins have been  
classified by their solubility (Osborne 1916;  Shewry et al., 1995) (Figure2.4): albumins (soluble in 
water), globulins (soluble in a salt solution), prolamines (soluble in 70-90% ethanol) and glutelins 
(soluble in dilute acid or alkali). Around 90% of storage proteins are made up of gluten. Gliadin and 
glutenin constitute each around half of total gluten protein. 
 
Figure 2. 3 Wheat grain protein classification.  
Image modified from Osborne, 1916 
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2.2.1 Albumins  
Albumins are globular-type protein and known as a structural and metabolic protein, accounting for 
around 5% of total wheat flour proteins; they are soluble in water. The molecular weight of albumins 
varies between 17 and  kDa (Shukla et al., 1975). Water-soluble protein is not responsible for baking 
quality. However, albumins are implicated in baking performance and may account for some difference 
in baking characteristics (Hoseney et al.,1970). So far, the influence of albumins on dough rheological 
properties is not clear yet (Kuktaite,et al., 2018). Albumins are considered to have nutritionally better 
amino acid compositions because of their higher lysine and methionine compared to the rest of the 
proteins in the wheat grain (Žilić et al., 2011). Albumin provides nutrition for germination of the embryo 
(Bewley et al., 2012).  
2.2.2 Globulins  
Globulins are globular proteins soluble in water and salt. Proteins with a nutritionally better amino acid 
composition, like trypsin, serpins, and purothionins, are predominantly globulins. Trypsin is related to 
storage globulins in oats, rice, and legumes, while puroindolines influence grain hardness (Malik et al., 
2009). They help protect the embryo from insects and fungal pathogens before germination (Bergvinson 
et al., 2004). Hoseney and coworkers also demonstrated that globulins have higher molecular weights 
and water solubility than albumins ( Hoseney et al., 1970). Studies have shown that good-quality flour 
has a longer mixing time and contains more salt-soluble proteins than poor-quality flour. Pence and 
others showed that albumins and globulins are not critical for flour quality, although the ratio of albumin 
to globulin correlates with breadmaking properties (Pence et al., 1954).  
2.2.3 Gluten  
Gluten accounts for 90% of wheat grain protein (Schofield et al., 1994). Gluten proteins are found in 
the endosperm of mature wheat grain, where they form a continuous framework around the starch 
granules. Gluten contains hundreds of protein components which are either monomeric or polymeric 
(Juhászat et al.,  2015; Schofield et al., 1994). Gluten is the most important protein group for 
breadmaking purposes. It is the key factor that regulates dough strength and elasticity. The gluten 
network allows the dough to raise by trapping gas bubbles during fermentation. Gluten is composed of 
two major protein groups, i.e., glutenins and gliadins. Glutenin is responsible for elasticity while gliadin 
is responsible for extensibility of wheat gluten and also provides a balance between elasticity and 
extensibility that is necessary for superior baking performance (Barak et al., 2013).  
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2.2.4 Gliadins 
Gliadins account for 40-45% of total grain protein. They are monomeric proteins and consist of a single 
polypeptide chain with intra-chain cysteine disulphide bonds (Bhatnagar et al., 2001). A single wheat 
variety contains at least 40 different gliadins. The molecular weight range of gliadins goes from 30 to 
80 kDa, which can be further subdivided into four groups—α, β, γ and ω gliadins—according to their 
molecular mobility at low pH in acidic polyacrylamide gel electrophoresis. The α, β, and γ gliadins have 
similar amino acid compositions, containing inter-chain disulphide bonds, and their molecular weight 
ranges from 30 to 45 kDa. The ω gliadins have higher molecular weights and don’t make disulphide 
bonds because they lack cysteine residues; they (Jackson et al.,   1983; Wieser et al., 2007). Gliadins 
have very low elasticity and cohesive properties, compared to glutenins, and are mainly responsible for 
extensibility of the dough. Gliadins and glutenins associate via hydrophobic interactions and hydrogen 
bonds (Wrigley et al., 2006). Uthayakumaran and others observed that α and β gliadins have a positive 
effect on loaf height, as opposed to ω gliadin (Uthayakumaran et al., 1999). Also, γ-gliadins lead to an 
increase in other gluten proteins and have no major effect on dough gluten strength in bread wheat flour 
(Pistón et al., 2011). 
2.2.5 Glutenins 
Glutenins are polymeric proteins soluble in acetic acid. Their molecular weight and distribution are the 
main determinants of dough strength and elasticity (Wieser et al., 2007). A lower glutenin content leads 
to diminished elasticity and thus to a decrease in bread loaf volume. Wheat glutenin makes the largest 
and most complex polymeric protein aggregates in nature (Ortolan et al., 2017). Glutenins interact with 
each other via inter-chain disulphide bonds, resulting in high-molecular weight polymers, and this 
provides an “elastic gluten backbone” (Shewry et al., 1997). Observations on these interactions led to 
the development of a so-called “loop and train” model, which proposed that in the low hydration state 
there are many protein-protein interactions via hydrogen bonding of glutamine residues in a helical 
conformation called a β-spiral (Belton et al., 1999). Hydration of the polymeric structures leads to the 
breaking of some of the inter-chain hydrogen bonds in favour of hydrogen bonds between glutamine 
and water, leading to the formation of loop regions. However, not all inter-chain hydrogen bonds are 
disrupted, thus leading to an equilibrium between “loops” and “trains” (stretches of inter-chain bonds), 
which may also contribute to the elasticity of glutenin (Sivam et al., 2010). Glutenins are further 
subdivided into two groups, i.e., high and low-molecular weight glutenin subunits (Figure 2.5) (HMW-
GSs and LMW-GSs, respectively) (Wrigley et al., 1996).   
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2.2.5.1 LMW-GS 
LMW glutenin subunits constitute around 35% of total storage protein or 60% of total glutenins.  
Initially, LMW-GSs were identified through gel filtration, by extracting high-molecular weight gliadins 
from wheat flour and distinguished as polymeric glutenin (Beckwith et al., 1966). In hexaploid wheat, 
nearly 20 different LMW glutenin subunits are found in 2-D gel electrophoresis (Lew et al., 1992). 
Based on electrophoretic mobility, glutenin subunits can be further separated into four groups: A, B, C, 
and D. HMW-GSs are considered as the A group, while LMW glutenin subunits are considered as the 
B, C and D groups (Payne  et al., 1979). They form inter and intra-chain linkages via disulphide bonds 
(Veraverbeke et al., 2002). The B and C groups are the more prominent LMW glutenin subunits. The 
molecular weights of the B group are in the range of 42 to 50 kDa; the C group between 30 and 40 kDa; 
and the D group around 58 kDa (Giannibelli et al., 2001). 
2.2.5.2 HMW-GSs 
HMW-GSs are only a minor glutenin component, but they are considered to play the most important 
role in the breadmaking process, because they play a very critical role in forming larger glutenin 
polymers (Shewry  et al.,  2002; Tatham et al.,  1985). The molecular weight of HMW-GSs is in the 
range of 60 to 99 kDa; they are only present in glutenin polymers and determinants of dough and gluten 
elasticity (Shewry et al., 2003). Two features of the HMW glutenin subunit structure may be relevant 
to their role in forming glutenin elastomers: the number and distribution of disulphide bonds and the 
properties and interactions of the repetitive domains. HMW-GSs are divided into two groups: x-type 
and y-type subunits. In SDS-PAGE, the x-type subunits have slower electrophoretic mobility than the 
y-type subunits (Shewry et al., 1992). 
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Figure 2. 4 HMW and LMW glutenin subunits separated by SDS-PAGE.  
Image source: Esmaail et al., 2012 
2.3 The genetics of gluten (gliadins and glutenins) 
The HMW glutenins are encoded by genes at the Glu-A1, Glu-B1, and Glu-D1 loci, located on the long 
arms of chromosomes 1A, 1B, and 1D (Branlard et al., 2001) (Figure 2.6) while the LMW glutenin 
subunits are encoded by genes at the Glu-A3, Glu-B3 and Glu-D3 loci, located on the short arms of the 
chromosome 1A, 1B, and 1D. The ω and γ gliadins are encoded by the genes at the Gli-1 loci on the 
short arms of chromosomes 1A, 1B, and 1D, whereas the α and β gliadins are encoded by genes located 
on the short arms of chromosome 6A, 6B, and 6D (Payne et al., 1987). Each Glu-1 locus consists of 
two tightly linked genes, the x and the y-type, therefore six HMW glutenin genes exist, including 1Ax, 
1Ay, 1Bx, 1By, 1Dx, and 1Dy (Hu et al., 2012; Liu et al., 2009). Considerable allelic variations exists 
for each HMW glutenin locus. The result of this allelic variation is a unique set of protein subunits with 
different electrophoretic mobilities on SDS-PAGE gels (Wang et al., 2006).  
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       Figure 2. 5 Chromosomal location of HMW and LMW glutenin subunits.  
       Image source: Esmaail et al., 2012 
2.3.1 x and y-type HMW-GSs  
As mentioned above, the HMW-GSs are subdivided into two types, the x and y-types (Figure 2.7), with 
molecular masses in the range of 78 to 99 kDa and 60 to 80 kDa, respectively (Wang et al., 2013b). The 
y-type subunits are somewhat smaller and therefore exhibit faster electrophoretic mobility on SDS-
PAGE gels (Peng et al., 2015). Both x and y-type subunits consist of non-repetitive N- and C- terminal 
domains and a central repetitive domain. The N and C-termini contain most of the cysteine residues 
(Gianibelli et al., 2001). Cysteine residues are the basis for intra and intermolecular bonds and 
contribute to the formation of larger polymers (Figure 2.7). The length of the C-terminus is fixed, while 
the N-terminus is longer in the y-type . The x-type subunit repeat domain consists of tri-, hexa- and 
nonapeptides, whereas the y-type subunits have repetitive hexa- and nonapeptides (Tatham et al., 1990). 
The number and combination of repeats determines the length of the x and y-types vary, which can lie 
between 750 and 850 residues for the x-type and 600 to 700 for the y-type. (Shewry et al., 1997). Both 
the N and C-terminal domains have α helices and β reverse turns present in the non-repetitive domains. 
It has been reported that the y-type subunits have a stronger influence on breadmaking than the x-type 
(D'Ovidio et al.,1994).  
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Figure 2. 6 Structure of x and y-type subunit peptides.  
Image modified from Shewry et al., 2002 and Veraverbeke et al.,  2002 
 
2.3.2 Expression pattern of HMW glutenins genes in different types of wheat 
Bread wheat could, in theory, contain six different HMW-glutenin subunits but, due to the ‘silencing’ 
of some of these genes, most common wheat cultivars possess only three to five HMW-GSs (Wang et 
al., 2017). All hexaploid wheat cultivars contain at least the 1Bx, 1Dx, and 1Dy subunits, while some 
cultivars also contain a 1By and a 1Ax subunit. It appears that the gene encoding the 1Ay subunit is 
always silent (Hu et al., 2012) (Figure 2.8). The 1Ay subunit have been reported in the A-genome 
diploid species T. monococcum,  T. urartu and T. targum (Jiang et al., 2009a) and more recently, some 
bread wheat with six HMW-glutenin subunits have been reported (Margiotta et al., 1996). Extensive 
electrophoretic analyses have shown the presence, both in hexaploid and tetraploid wheat, of genotypes 
that lack specific subunits (Hu et al., 2012). An increment in the amount of polymeric glutenin and 
better flour performance have been reported. In general, there is little variation in the number of 
individual subunits synthesized when alleles of the same locus are compared. However, some 
exceptions have been reported for genotypes from Israel (line TAA36), Canada (cultivar Bluesky), and 
USA (cultivar Red River 68) (Peng et al., 2015).  
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Figure 2. 7 Ay subunit absent in common wheat.  
Image source: MAS Wheat (USDA, NIFA, BGRI) 
2.4 The role of HMW-GS 
HMW-GS concentration and composition correlate with dough viscoelasticity and the formation of the 
gluten macropolymer (Branlard et al., 1985). The HMW-GSs have the greatest influence on dough 
rheological properties, because they possess more free cysteine residues than the LMW-GSs (Patil et 
al., 2015). Cysteine residues are involved in intra- and inter-disulphide bond forming among LMW-
GSs and with HMW-GSs (Balakireva et al., 2016). Gliadins have six to eight cysteine residues, but they 
form only intra disulphide bonds (Shewry et al., 1997). The y-type HMW-GSs usually have seven 
cysteine residues (five in the N-terminal, one in the repetitive domain and another in the C-terminus. 
Usually, there are four to five cysteine residues present in the x-type HMW-GSs that are capable of 
forming inter-chain disulphide bonds; three in the N-terminus, one in the C-terminus, and sometimes 
one in the repetitive domain (1Dx5) (Shewry et al., 2000). For this reason, HMW glutenins are more 
important determinants of dough rheological properties and breadmaking quality than gliadins and 
LMW glutenins. 
2.4.1  Allelic variation of HMW-GSs in Australian wheat cultivars 
Allelic variation of the HMW-GS genes, which is also reflected in molecular weight variability of the 
glutenin subunits, is responsible for up to 30-70% of genetic variation in dough quality (Payne et al., 
1988). It has been reported that allelic variation in European wheat cultivars accounts for 45 to 70% of 
bread quality (Payne et al., 1987), 35 to 60% in China (Heng et al., 2006), and 30-50% in Australian 
wheat varieties (Table 2.1) (Ma et al., 2003, Bekes et al., 2008; Eagles, et al., 2002). Each HMW 
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glutenin locus has one or two predominant alleles (MacRitchie; et al., 1987). HMW-GSs in Australian 
wheat cultivars has been reported as being mainly of the  1”, 2+12, 7+8" type (Fu et al., 2011). 
2.4.2 Interaction effects of HMW-GSs on baking quality 
Different combinations of HMW-GSs have a significant influence on end-product quality in 
breadmaking (Figure 2.9) (Wieser et al., 2000). The 5x+10y HMW-GS subunits, located at Glu-D1 
locus, lead to better end-product quality than the 2x+12y subunits. It has been found that the 1Dx5 
subunit has five cysteine residues instead of four, with the additional cysteine residue located at the end 
of the repetitive domain of the N-terminal domain (Anderson et al., 1989). That is why 1D5x subunit 
may form three 
Table 2.1 Frequency of HMW-GSs alleles in Australian wheat  
HMW-GS Allele Frequency  
     (%) 
1Ax Ax1 47.1 
Ax2 45.4 
Null  6.7 
1Ay Ay    0 
1Bx +1By Bx2      0.8 
Bx20   3.7 
Bx7+By8 36.4 
Bx7OE+Bx8  1.9 
Bx7+By9 15.0 
Bx6+By8   0.9 
Bx13+By16   1.9 
Bx17+By18 39.3 
1Dx + 1Dx Dx2+Dx12 67.8 
Dx5+Dx10 30.5 
Dx4+Dx12   1.7 
         (Ma et al., 2003) 
inter-chain disulphide bonds. More inter-chain disulphide bonds create more polymeric branches that 
promote a larger polymer network, thereby increasing dough strength and improving breadmaking 
quality. On the other hand, the 1Dx2 subunit has no additional disulphide bonds, and it can create only 
a small polymer. Payne and Corfield (Payne et al., 1979) observed that Glu1Ax1 is related to good 
breadmaking quality. Altpeter and others (1996a) introduced 1Ax1 HMW-GS into the Bobwhite wheat 
cultivar, which resulted in significant quality improvement. It was demonstrated that expression of the 
1Ax1 subunit together with the 1Dx5 and 1Dy10 HMW-GSs enhances dough strength, dough stability, 
and overmixing tolerance (Blechl et al., 2007; León et al., 2009). However, high-level expression of 
subunit 1Ax1 or 1Dx5 had adverse effects on dough strength, stability, or resistance to extension (León 
et al., 2009; Rakszegi et al., 2008). Another study showed that expressing the 1Ax1 subunit in a genetic 
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background containing the endogenous HMW-GS pairs 7*+8 and 2+12 increased dough strength and 
mixing tolerance but had little effect on dough extensibility. When the 1Ax1 subunit interacts with 
subunits pair 17+18, 2+12, it improves dough quality (Ma et al., 2013). Another study showed that 
dough quality, Zeleny sedimentation value, and gluten index were better when the 1Ax1 subunit 
interacts first with subunit pairs 17+18 and then with subunit pair 7+8 (Singh, et al., 2007). It has been 
reported that overexpression of the 1B7xOE subunit has more influence on increasing dough strength 
than the 1B7x subunit (Gao et al., 2012). The Bx14 and 1Bx20 subunits have only two cysteine residues, 
and as a result of this, they make smaller polymers compared with other subunits. That explains its 
negative effect on breadmaking quality (Pirozi t al., 2008). with more extended repetitive domains. 
It is widely accepted that higher expression of HMW-GS genes and the presence of extra cysteines 
provide for better chain extension and may thus result in the better wheat quality. However, the most 
important aspect is having a good balance of x and y- type subunits, which act synergistically to give 
better  dough properties than either subunit type alone (Wang et al., 2013b; Wang et al., 2017). 
 
 
 
Figure 2.8: x + y-type HMW-GS subunits together give better baking quality 
than a single subunit 
Image modified from Dexter (2008)  
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2.4.3 Modifying HMW-GS composition to improve baking quality 
HMW-GS subunits differ widely in their effects on quality, but different alleles usually share a high 
similarity in gene or protein sequences (Henkrar et al., 2017). For example, HMW subunits 1Bx13 and 
Bx7 only differ only by one amino acid, but the latter is better in terms of quality (Zaitseva et al., 2017). 
The subunit pairs 7x+8y and 7x+9y possess a higher number of cysteine residues than the 20x+20y and 
26x+27y pairs, and therefore lines carrying the former combinations exhibit higher UPP and dough 
strength than the latter (Pirozi et al., 2008). It has been found that the ‘1Bx14+1By15’ subunit pair is 
positively correlated with the end-use quality of Chinese wheat varieties, such as Xiaoyan 54 and 
Xiaoyan 6. Interestingly, the 1Bx14+1By15 subunit pair is found to have a much higher influence on 
the sedimentation value of flour than the 1Bx17+1By18 subunit combination (Shao et al., 2015). The 
functional differences between HMW-GS alleles have usually been interpreted based on the molecular 
and structural differences between x-type subunits. Little attention is paid to the variations of y-type 
subunits and their impact on quality parameters (Wrigley et al., 2006). Incorporating a 1Dy10 subunit 
into transgenic lines significantly altered a range of quality parameters, including weaker dough and 
higher extensibility. The observed effects were attributed to the decrease of the Dx/Dy ratio.  
2.4.4 Novel HMW-GS to improve grain quality 
HMW-GSs have considerable influence on breadmaking quality and loaf volume. Existing bread wheat 
cultivars can be improved by introducing novel HMW-GSs (which are related to good end-product 
quality in the breadmaking process). A wide range of HMW glutenins has been found in different wheat 
germplasms and wheat-related species. Tetraploid wheat or durum wheat, diploid wheat or emmer 
wheat, the wheat-related family of Aegilops spp. are all known as excellent sources of HMW-GSs.  
A new x-type high-molecular weight glutenin subunit coded by the Glu-A1 locus and named 2** was 
found to have no detectable effect on dough elasticity, tenacity, and baking quality in a wheat doubled 
haploid (DH) population (Goba et al.,  2007). Two pairs of new HMW-GSs, Glu-A1r (39+40) and Glu-
A1s (41+42), were introgressed into bread wheat (Triticum aestivum L.) cv. Sicco (Rogers et al., 1997). 
The maximum number of subunits found in commercial wheat is five, whereas wheat lines containing 
Glu-A1r and Glu-A1s carry six HMW-GS. Introgressions of these subunits reduced dough stickiness, 
improved stability during mixing, and slightly improved gluten strength  compared with the Glu-A1a 
subunit (Rogers et al., 1997). Wild species, such as Aegilops, T. tauschii, einkorn and emmer species, 
have also shown extensive polymorphism of HMW-glutenin subunits. A pair of novel HMW-GSs, 
1Sx2.3+1Sy16*, which was originally found in Aegilops longissimi, has been recently studied. Like the 
other x-type subunits, the 1Bx2.3 HMW-GS has four cysteine residues. However, this glutenin subunit 
is one of the largest x-type HMW-GSs encoded by the GluB1 locus. The 1Sy16* subunit has seven 
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cysteine residues and is also the largest y-type subunit reported thus far. The 1Sx2.3+1Sy16* subunit 
pair was introduced into cv. Chinese Spring (substitution line 1S/1B), which exhibited superior dough 
and end-product quality, with a 200% increase in dough strength and 27% in bread loaf volume (Wang 
et al., 2013b).  
2.5 Conventional solution for introducing novel protein subunits 
Backcrossing breeding schemes remain a useful tool for gene introgression into established crop 
varieties. With each successive backcross generation, a higher proportion of the recurrent parent genetic 
background is rebuilt while the donor's gene of interest is maintained. Backcrossing is viewed as a 
conservative breeding approach to improve an existing cultivar.  
At more advanced backcross generations (BC4F2- BC4F3), three to five sister lines are selected from 
each genetic background, which is an approach widely used in breeding programs. Individual plants are 
then selected based on relevant, desirable agronomic traits. 
2.6 The relationship between grain yield and protein content: a wheat breeding challenge 
Grain yield and grain protein content are the two most critical criteria for line selection in a wheat 
breeding program. Grain yield measures a variety’s productivity, and grain protein content is crucial 
for end-product quality (Oury et al., 2007). These two traits are difficult to improve together due to a 
negative relationship between them (Oury et al., 2003). Ideally, breeders would like to increase protein 
content and grain yield simultaneously. There are a few examples showing that when HMW-GSs are 
introduced into wheat cultivars, protein quality and quantity generally increased but on occasion an 
adverse effect on grain yield was observed. Transgenic wheat lines Ax28 and Ax87, generated by 
introducing 1Ax HMW-GSs into a Bobwhite background, had a higher protein content but grain yield 
was reduced by 30%. However, in the same experiment, sister lines 1Ax159/S1, 1Ax159/S8 and 
1Ax159/S9 displayed improved protein quality and quantity with the same as the Bobwhite parent. 
These studies suggest that increasing protein content and grain yield simultaneously is achievable 
although difficult.  
2.7 Genetic and environmental effects on the expression of HMW glutenin content 
Wheat for breadmaking must have a minimum protein content and functionality. Both genotype and 
environment, as well as their interaction, have a significant influence on breadmaking performance, as 
described below. Protein content is highly sensitive to environmental conditions. Among other, 
temperature, water stress, soil fertility, all have a significant effect on protein accumulation and 
composition. Optimal temperature is critical during grain-filling and protein accumulation in spring 
wheat (Johansson et al., 1998). It has been observed that in high-temperature conditions, protein 
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accumulation is less variable in 1Dx5+1Dy10 than in 1Dx2+1Dy12 genotypes (Irmak et al., 2008). 
Gliadin and glutenin are positively correlated with N fertilizer accumulation in the grain (Wieser et al., 
1998). Temperature and N fertilizer interact to alter the HMW to LMW subunit ratio. Higher 
temperatures during grain-filling increases the rate of HMW gluten protein accumulation, resulting in 
a decreased accumulation period. Supplying N fertilizer at grain-filling stage increases the HMW-GSs 
content in the grain (DuPont et al., 2006). 
Water stress decreases kernel weight and starch accumulation but increases wheat storage protein 
content. Recently, wheat breeders developed new high-yielding varieties with improved functionality 
for breadmaking.  
2.8 Tools for the identification of target HMW-GS for wheat breeding 
SDS-PAGE is commonly used to identify HMW-GSs based on electrophoretic mobility. Most subunits 
have unique mobilities on SDS-PAGE gels, but some subunits are hard to differentiate, especially since 
the mobility of some subunits is not in line with their molecular weight . SDS-PAGE is unable to 
distinguish 1Bx7 from 1Bx7OE subunits, as they have the same electrophoretic mobility, but as 1Bx7OE 
is related to better breadmaking quality there is a need to be able to differentiate it from 1Bx7 (Butow 
et al., 2004). 
PCR-based molecular (DNA) markers, heavily used in plant breeding nowadays, are useful for the 
identification of specific HMW glutenin genes (Gupta, Langridge, & Mir, 2010). So far, the complete 
nucleotide sequence of six HMW-GSs, Ax2*, Bx7, By9, Dx5, Dy10, and the salient Ay genes from 
Cheyenne cultivar have been obtained (Ma et al., 2003). In Glu-A1 genes, Specific PCR markers have 
been developed to differentiate HMW glutenin genes Ax1, Ax2*, and Ax Null. To distinguish the GluD1 
alleles, A Dx5 gene-specific marker has been developed (Liu et al.2008). Meanwhile, significant 
progress has been made on the glutenin gene differentiation front (Ahmad et al., 2000). Based on a 15-
bp polymorphism, the Bx6 subunit can now be distinguished from Bx7 and Bx17, and these can also be 
differentiated from each other. Lei and others have developed PCR markers specific for the y-type 
HMW-GSs, including By8, By8* By9, By18, and By15 (Heng et al., 2006; Liu et al., 2008).  
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) has 
rapidly become a powerful tool for the characterisation of wheat gluten proteins. Compared with 
conventional separation methods, the MALDI-TOF-MS technique appears to be much more accurate 
and sensitive, requiring only a few minutes per sample. MALDI-TOF technology is suitable for the 
analysis of most HMW-GS alleles. The allelic diversity at Glu-B1 locus includes subunits 6+8b*, 7, 78, 
7+8a*, 7b*+8, 7OE, 7OE+8, 7OE+8a*, 7OE+8b*, 7+9, 13+16, 14+15, 17+18, and 20. MALDI-TOF-MS is 
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an essential breeding tool for the identification of HMW-GS and the rapid screening of target lines in 
wheat breeding programs (Ma et al., 2003). 
2.9 Protein, dough, and breadmaking quality testing  
HMW glutenin proteins help to make the dough elastic and thus capable of trapping the gas bubbles 
produced by the yeast during the fermentation process. Bread loaf volume, and hence baking quality, is 
determined by the HMW glutenin polymer size and distribution (Wrigley et al., 2006). During the past 
few decades, a particular emphasis has been placed on understanding the relationship between specific 
HMW glutenins and end-product quality (MacRitchie et al., 1992). To better understand the correlation 
between HMW-GSs and end-product quality, different approaches have been used. One study 
established a quality score for each HMW-GS based on SDS sedimentation volume and summarised 
the total quality score for individual wheat cultivars (Payne et al., 1987). Scores vary between 1 and 10, 
with higher scores related to better breadmaking quality. Ng and Bushuk (1988) developed an equation 
for HMW-GSs composition and breadmaking quality of wheat cultivars to predict the unit loaf volume.  
Glutenin protein content is directly related to dough quality and breadmaking performance. Gel 
permeation chromatography is used to measure glutenin polymeric protein content, which is correlated 
with dough development time. Glutenin polymer size is controlled by the number of unpaired cysteine 
residues, brancher/extender-to-terminator chain subunit ratio. Reverse-phase high-performance liquid 
chromatography (RP-HPLC) and size-exclusion high-performance liquid chromatography (SE-HPLC) 
methods are used to separate total polymeric protein into SDS-extractable polymeric protein (EPP) and 
SDS-unextractable polymeric protein (UPP). UPP content is positively correlated with baking quality 
(Gupta et al.,1993).  
The Bühler Flour Mill Test is used to determine the milling properties of wheat grain. The result of this 
test gives an estimate of flour yield.  
The Alveograph Test measures and records the force required to blow and break a dough bubble, and 
the result is expressed as dough strength (P), dough elasticity (L), and a combination of dough strength 
and extensibility (W). The P/L Ratio is the balance between dough strength and extensibility. Strong 
dough possesses a higher W value with a higher P/L ratio. Nowadays the farinograph and extensograph 
are widely used for dough quality testing (Center, 2008).  
The Farinograph is used to determine the water absorption value (the amount of water required to make 
a dough) and to evaluate the effects of mixing properties and flour blending. It also provides information 
on dough development time (to predict processing effects, including mixing requirements for dough 
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development) and mixing tolerance (tolerance to over-mixing and dough consistency during 
production) (Figure 2.10). 
 
 
Figure 2. 9 Farinograph profile of strong dough.  
Image source: Wheat and flour testing methods (Center, 2008) 
The Extensograph measures dough extensibility, resistance to extension and dough strength (Rosell, 
Rojas, & De Barber, 2001) (Figure 2.11). The resistance to extension value (Rmax) is indicated by the 
maximum height of the curve and is expressed in Brabender units (BU). Extensibility is indicated by 
the length of the curve, which is expressed in centimetres (cm). 
 
Figure 2. 10 Extensograph profile of strong dough.  
Image source: Wheat and flour testing methods (Center, 2008) 
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The baking test provides end-users with information on wheat dough quality characteristics. Breeders 
and bakers need wheat flours that consistently fulfil their expectations for volume, colour, and texture. 
2.10 Summary 
Wheat glutenins, especially HMW-GSs, are recognised as the most critical component governing end-
product quality in the breadmaking industry. Glutenin content and composition are determined by the 
genetic make-up of wheat cultivars. HMW-glutenin is very small part of the total protein but it can 
regulate the baking quality by up to 40 – 70 %.  Australian wheat cultivars have 5 expressed HMW-
GSs but Ay is always silent in bread wheat cultivars. Active Ay is also absent in Austrian bread wheat 
cultivars. As a result, the impact of Ay HMW-GS in baking quality of Australian bread wheat cultivar 
has been not examine yet. In this study, Ay21(61 kDa), AyT1(64 kDa) and AyT2 (68kDa) HMW-GS 
have been integrated and examined in to Australian bread wheat cultivars. Ay21, AyT1 and AyT2 donor 
wheat lines were NII (Italy), C422 (Italy), and TTD201(Israel), respectively. Different experiments 
have been sets up and evaluated the result how Ay HMW-GS subunit altered protein, flour, bough and 
baking quality in same agronomic condition. Next 5 chapters have been showed the result.  
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Chapter 3 
Agronomic and grain quality characterisation of 1Ay HMW-GS reciprocal 
introgression near-isogenic lines (NILs) in commercial wheat backgrounds 
3.1 Abstract 
An expressed Ay HMW-GS gene from hexaploid wheat line N11 was introduced into Australian bread 
wheat cultivars Livingston, Bonnie Rock, Chara, Eagle Rock, and Gregory using a backcrossing 
scheme. The F1 generation was developed by reciprocal crossing of the Australian cultivars and line 
N11, followed by backcrossing of the progeny with the corresponding, recurrent Australian wheat 
cultivars. As a result, two sets of near-isogenic lines (NILs) were developed with almost the same 
genome but with different cytoplasm (from N11 or the Australian cultivar parent). Different 
morphological and chemical tests were performed to evaluate the reciprocal introgression NILs and 
compare with their recurrent Australian parent cultivars. No significant differences were observed 
between the two set of NILs and the recurrent parents for the agronomic traits measured: grains per 
spike, plant height, tillers per plant, spike length, and TKW. Similar observations were made for protein 
quality and quantity attributes: grain hardness, flour yield, flour colour, and water absorption. In the 
present study, it was observed that the NILs had a 4 to 13% higher polymeric protein content (UPP%) 
compared to the recurrent parents. No significant differences were observed between the two reciprocal 
NIL sets.  
3.2 Introduction 
The success of wheat breeding programs is highly dependent on the level of genetic variation and the 
functional attributes determining end-product quality (Ekiz et al., 1997). Across species, most plant 
traits are associated with nuclear inheritance. However, significant effects have also been found 
regarding cytoplasmic factors and cytoplasmic-by-nuclear interactions (Yadav et al., 1994; Aida et al., 
1981). In hexaploid wheat, significant positive as well as negative effects have been observed for 
cytoplasms stemming from Aegilops and various Triticum spp. (Tsunewaki et al., 1980). Significant 
effects on yield components, quality and disease resistance have been reported for alien cytoplasms  
(Ekiz et al., 1997; Singh et al.,2015). However, until now, the relationship between wheat cytoplasm 
and nuclear genes is not fully understood at the molecular level.  
Wheat quality attributes are largely determined by the grain gluten composition, which consists of two 
groups of proteins: gliadins, and glutenins. These proteins can form a viscoelastic mass when mixed 
with water. Because of their unique properties, wheat gluten plays a key role in the production and 
quality of different wheat flour-based foods, such as bread, pasta, cake and biscuits (Anjum et al., 2007). 
38 
 
Glutenin is a polymeric protein that can be structurally grouped into low-molecular-weight (LMW)-GS 
and high-molecular-weight (HMW)-GS. The composition of the HMW-GS alone may account for up 
to 60% of bread quality variation (Payne et al., 1987).  
The HMW glutenin genes are located on the long arms of chromosomes set 1 and have the designation 
Glu-A1, Glu-B1 and Glu-D1. Each HMW glutenin consists of two alleles encoding the so-called x and 
y-type protein subunits (Payne et al., 1982). Theoretically, six HMW glutenin genes should be 
expressed in common wheat, based on the six subunits, but the Ay HMW-GS allele is mostly silent in 
hexaploid wheat, bringing the actual subunit number down to five (Jiang et al., 2009a). The balance of 
x and y-type subunits, the amount of unextractable polymeric protein, and the HMW/LMW–GS ratio 
work together in determining dough quality for baking purposes (Ma et al., 2005; Rogers et al., 1997). 
Introgression of an expressed version of the Ay HMW-GS gene has the potential to improve or increase 
the y-type HMW-GS, leading to a better x to y-type subunit ratio and higher polymeric protein , both 
of which should have a positive effect on the dough quality for breadmaking (Wang et al., 2013b).  
As stated earlier in this thesis, the expressed Ay21* HMW-GS allele from Italian hexaploid wheat line 
N11 (Margiotta et al., 1996) was introgressed into commercial Australian bread wheat varieties. Two 
sets of NILs were developed for each cultivar by reciprocal crossing, i.e., the two sets of NILs share 
practically  the same nuclear genome but with a different cytoplasm. Several previous studies reported 
that due to cytoplasmic differences, significant differences were observed in plant and seed morphology 
and storage protein content (Atienza, et al., 2007; Ekiz et al., 1997; Yadav, 1994). However, the 
cytoplasmic effects on wheat gluten quality and quantity were not clear yet. This chapter focuses on 
cytoplasmic effects on quality and other related traits by studying NILs generated from reciprocal 
crosses with cytoplasms from adapted Australian cultivars or the old Italian wheat line N11. 
3.3 Materials and Methods 
3.3.1 Plant material and breeding procedure 
Five Australian wheat cultivars: Livingston, EGA Eagle-Rock, Bonnie-Rock, EGA Gregory, and Chara 
were used as recurrent parents in crosses with wheat line N11, carrier of the active 1Ay21 allele, to 
generate NILs. Reciprocal crosses between the Australian cultivars and the Italian wheat line N11 were 
carried out to produce the F1 generation. The backcrossing scheme (Table 3.1) ensures that the F1 
cytoplasm was inherited by the NILs. F1 seeds were screened for the target protein and those carrying 
the 1Ay21 allele were selected for the next round of crossing. At each generation (F1 to BC4F4) (Table 
3.2) 24 NILs seeds were analysed for target protein identification using MALDI-TOF (Figure3.3). F1 
seed carrying the gene were backcrossed to Australian cultivars to produce the BC1F1 generation. To 
drive homozygosity, recurrent backcrossing was carried out over four generations up to BC4F1, after 
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which selfing was carried out for three generation, resulting in about 98% homozygous BC4F4 lines. All 
Ay21* introgressions were developed at the Murdoch University glasshouse during 2009-2014. 
 
Figure 3. 1 Schematic representation of the crossing scheme to generate 
the Ay introgression NILs. 
A glasshouse experiment to analyse the Ay21* carrying NILs was conducted with four biological 
replicates using a RCBD experimental design. Five seeds were sown in a 6 L (230 mm x 210 mm) 
plastic pot. One gram of urea per pot was top-dressed during the tillering stage. Plant height, tiller 
number per plant, spike length, grains per spike, and thousand-kernel weight (TKW) were recorded as 
part of the NILs evaluation.  
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Table 3. 1 Crossing and backcrossing procedure 
 
Table 3. 2 HMW-GS compositions of Ay introgression NILs 
Note: Cytoplasm source: GC, Gregory; CC, Chara; YC: Yitpi; NC, N11; LC: Livingston; BC: Bonnie 
Rock; EC; Eagle Rock. 
3.2.2 Target protein identification  
Hybrid seeds from each generation were collected and cut in half across the longitudinal axis of the 
seed. Protein was extracted for MALDI-TOF MS analysis from the non-embryo part of the seed. The 
other half, containing the embryo, was stored in seed storage plates. Target protein was identified using 
the Data Explorer® software. The half seeds containing the embryo and confirmed for the presence of 
the Ay21* subunit were planted in the glasshouse.  
Crosses Wheat Cytoplasm Backcrossing scheme 
[Livingston, EGA Eagle-Rock, Bonnie-Rock, 
EGA Gregory, Chara] (female)    N11 (male) 
Australian cv. F1    Corresponding 
Australian cv. 
N11 (female)    [Livingston, EGA Eagle-Rock, 
Bonnie-Rock, EGA Gregory, Chara] (male) 
Line N11 F1    Corresponding 
Australian cv. 
Australian parent 
wheat cultivars 
HMW-GS composition  Ay 21* 
introgression 
NIL ID 
 
 
Sister line ID 
Livingston  Ax1, Bx17 + By18, Dx5 + Dy10 3 (NC) 3-1, 3-7, 3-9  
8 (LC) 8-1, 8-5, 8-6 
Bonnie Rock Ax2 Bx17 + By18, Dx12 + Dy12 4 (NC) 4-2, 4-3, 4-4   
11 (BC) 11-1,11-2, 
11-3 
EGA Eagle Rock Ax1, Bx17 + By18, Dx5 + Dy10 5 (NC) 5-4  
14 (EC) 14-1, 14-2 
Chara Ax2 , Bx7OE + By8, Dx2 + Dy12 7 (NC) 7-2, 7-6, 7-7 
12 (CC) 12-2, 12-3, 
12-4 
EGA Gregory Ax1 , Bx7 + By8, Dx2 + Dy12 15 (NC) 15-1, 15-2 
16 (GC) 16-1, 16-2 
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3.3.3 Ay21* subunit identification and quantification 
3.3.3.1 MALDI-TOF MS:  
The HMW glutenin fraction of the seed storage protein was extracted following the protocol of Peng et 
al. (2015) with some modifications. Sample preparation was carried out according to the dried-droplet 
method (Kussmann et al., 1997). 
Protein extraction: 15 mg wheat seed  was ground into powder in a 2 ml tube, and 1ml of 70% ethanol 
was added followed by vortexing for 30 min at room temperature 20-25°C. The tube was then 
centrifuged at 13,000 g for 2 min, and the supernatant was discarded. After that, 1ml of 55% isopropanol 
was added to the pellets and mixed well before incubation at 65°C in a water bath for 30 min. The 
supernatant was discarded after centrifugation at 13,000 g for 10 min. The isopropanol washing 
procedure was repeated once. 150 μl of protein extraction buffer (50% isopropanol, 80 mM Tris-HCl 
pH 8.0, and 10% DTT) was added and incubated at 65°C in  a water bath for 30 min. After centrifugation 
at 13,000g for 10 min, 60 μl of the supernatant was transferred into a new tube. A volume of 40 μl cold 
acetone (– 20°C) was added to the supernatant to make a final volume of 100 μl and kept overnight in 
the freezer. The supernatant was discarded after centrifugation at 13,000 g for 10 min. Then 90 μl of 
protein extraction buffer (50% isopropanol, 80 mM Tris-HCl pH 8.0, and 10% DTT) was added and 
incubated at 65°C in a water bath for 30 min. After centrifugation at 13,000g for 10 min, 60 μl of the 
supernatant was transferred to a new tube and 40 μl of cold acetone (– 20°C) added to the supernatant 
to make a final volume of 100 μl and kept overnight in the freezer. The supernatant was discarded after 
centrifugation at 13,000 g for 10 min. The protein pellet was left at room temperature for 10 min. The 
protein pellet was dissolved in ACN/H2O (50:49.5 v/v) with 0.05% v/v TFA solution.  
The matrix solution was prepared by dissolving 10 mg of sinapinic acid (SA) in 1 ml ACN/H2O (50:50 
v/v) with 0.05% v/v TFA. The extracted HMW-GS solution was mixed with SA solution at a 2:18 ratio 
(v/v) and 2 ml of this protein–SA mixture was deposited onto a 96-sample MALDI probe plate and 
dried at room temperature. 
Instrument setting:  MALDI-TOF mass spectrometric analysis was carried out on a Voyager DE-PRO 
TOF mass spectrometer (Applied Biosystems, FoCity, CA, USA) equipped with UV nitrogen laser 
(337 nm). The instrument settings were the following: laser intensity 2500, mass range 55–105 kDa, 
acceleration voltage 25 kV, grid voltage 92%, guide wire 0.3%, and delay time 850 ns. The Bin size 
was set at 20 ns and input bandwidth at 25 MHz. Spectra were obtained in positive linear ion mode and 
were averaged from 100 laser shots to improve the S/N level. All the samples were automatically 
accumulated in a random pattern over the sample spot to provide the final spectrum.  
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3.3.3.2 SE-HPLC  
Size-exclusion high-performance liquid chromatography (SE-HPLC) was used to determine glutenins, 
gliadins, albumin/globulin ratio, and most importantly the unextractable polymeric protein (UPP) 
content of the grain. A protein extraction protocol by Singh et al. (1990) was followed with some 
modifications.  
Protein sample preparation: 10 mg ground wheat was mixed with 1 ml 0.5% SDS and 0.05M PBS 
(NaH2PO4 and Na2HPO4) buffer and the mixture vortexed for 30 min. The mixture was then centrifuged 
for 10 min at 13,000 rpm and the supernatant filtered using a 0.45 m PVDF filter into a new glass 
tube. This fraction was the Extractable Polymeric Protein (EPP). Again, 1 ml 0.5% SDS and 0.05M 
PBS buffer were added to the old tube to dissolve the pellet. The mixture was vortexed for 20 min 
followed by one minute of 2-sec sonication bursts at 2-sec intervals. The supernatant, containing the 
unextractable polymeric protein (UPP) fraction, was filtered into a new tube with a 1-ml syringe using 
a 0.45 m PVDF filter. 
Sample analysis: A 45A SEC3000 column was used for the analysis, applying a running time of 35 min 
(0.5 ml/min aqueous ACN buffer, 0.05% TFA in water and 0.05% in ACN). Ten microlitres of the 
extracts was injected into a Bio SEC-5 (4.6×300 mm, 500 Å, Agilent Technologies) column maintained 
at room temperature. The eluents were ultrapure water (solvent A) and acetonitrile (solvent B), each 
containing 0.1% trifluoroacetic acid (TFA) (HPLC grade, Sigma Aldrich). The flow rate was adjusted 
to 0.35 ml min-1. Proteins were separated by using a constant gradient with 50% of solvent A and 50% 
of solvent B over15 mins and detected by UV absorbance at 214 nm. Results were expressed as percent 
of total protein content (relating the area under the peak of interest to the total area of the chromatogram) 
and percentage flour. Unextractable polymeric protein (UPP) percentages were determined using the 
method of Gupta et al. (1994). 
3.3.3.3 RP-HPLC:  
Sample preparation: The quantitative HMW-GS composition and HMW-GS-to-LMW-GS ratio were 
determined using the RP-HPLC method of Marchylo (1989). A total of 60 mg ground wheat seed was 
washed with 1ml of 70% ethanol to remove the gliadins. Glutenins were further purified with 55% 
propanal and DTT solution. The purified glutenin fraction was dissolved in 1ml of a 0.05% TFA 
solution in 50% ACN.  
Sample analysis: Ten-microlitre samples were injected for analyses. Proteins were eluted with a linear 
gradient of 21% to 48% ACN over 55 min at 1ml/min, using a column temperature of 50ºС. All samples 
were detected by UV absorbance at 214 nm. ACN/H2O containing 0.06% (v/v) TFA was used as a 
solvent.  
43 
 
3.3.3.4 Near-Infrared Reflectance Spectroscopy (NIR): Protein and moisture content of the flour, grain 
hardness, milling yield, flour swelling value, and Minitab B were determined by NIR using a FOSS 
NIR Systems model 5000 spinning cup. NIR data analysis was conducted using a WinISI (FOSS NIR 
Systems Inc., Laurel, MD, USA). 
3.3.4 Statistical analysis 
Experimental data were subjected to analysis of variance (ANOVA) for each character using IBM-
SPSS (version 24) software. The significance of the variance of different parameters was determined 
using the Duncan method at a 5% probability level.  
3.4 Results 
MALDI-TOF analysis of the NILs showed that the Ay21* subunit has a molecular weight of 61,150 Da 
(Figure 3.3). Five sets of Ay 21* integrated reciprocal NILs (Table 3. 1) were grown in the glasshouse 
to evaluate the plant morphological characteristics and grain protein composition. Comparisons were 
carried out between reciprocal NILs for each set separately, as detailed below.  
3.4.1 Gluten protein composition comparison between the introgressed Ay21* reciprocal NILs 
There were no remarkable differences between reciprocal NILs for glutenin%, gliadin%, 
albumin/globulin ratio, and HMW/LMW ratio. However, in a few cases significant differences were 
found for glutenin%, gliadin%, albumin/globulin and HMW/LMW ratios within the crosses. Moreover, 
glutenin%, gliadin%, the albumin/globulin and HMW/LMW ratios were higher in some of the Ay21* 
introgression lines compared to the Australian parental cultivar while these parameters diminished or 
remained unchanged in the other lines. Significant differences are described in the following paragraph. 
Compared to Livingston, glutenin% was significantly increased in line 3-1 but was reduced in line 3-9 
while it remained unchanged in line 3-7 and in the three NILs of line 8 (Table 3.3). Likewise, the 
HMW/LMW ratio was significantly increased in NILs 8-5, 8-6 and 3-9 (Table 3.3) in comparison with 
Livingston. There was no significant change between the reciprocal lines 4 and 11 in the Bonnie Rock 
background. However, glutenin %, UPP%, and the HMW/LMW ratio were significantly higher than 
the parent Bonnie Rock in all the NILs. It is worth mentioning that a high variation was observed among 
the NILs derived from Bonnie Rock. A higher UPP% was observed in line 4-2 (41%) and line 11-2 
(43%) compared to Bonnie Rock (36.7%).  In the case of reciprocal NILs 7 and 12, which were derived 
from Chara, the HMW/LMW ratio was significantly increased in all NILs, and glutenin% was higher 
in lines 12-1, 12-4, and 7-6 compared to the parent Chara. The other notable differences in the 
comparison of the reciprocal crosses are that UPP% was significantly increased in the EGA Eagle Rock 
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background NILs 5 and 14 (Table 3.3) and glutenin% was significantly increased in the EGA Gregory 
background NILs 15 and 16. 
The results also showed that after the introgression of Ay21* the relative amount of the other five 
subunits was largely unchanged (Figure 3.3). However, the expression level of Bx7OE was reduced 
(Figure 3.3).  
3.4.2 Grain and protein quality of the NILs 
No significant differences between reciprocal NILs were found regarding storage protein, %grain 
hardness (PSI), flour yield%, Minolta b*(grain-yellow-to-blue-colour ratio), and WA%. However, all 
NILs had improved protein% and WA% compared to their background cultivars (Table 3.4). The results 
showed that Ay21* significantly increased the WA% in all NILs. Nevertheless, all NILs had improved 
protein% and WA% compared with their background cultivars (Table 3.4). Livingston and Bonnie Rock 
background line 3 and 4 and their NILs have yellowish grain colour compared to their reciprocal line 8 
and 11 (Table 3.4) (Minolta b* value +6.9 yellow colour). 
3.4.3 Plant morphological characteristics 
Phenotyping of five morphological traits, including plant height, tiller number per plant, spike length, 
grain number per spike, and thousand-kernel weight (TKW) showed no significant difference between 
the Ay introgression NILs and their parental lines (Figures 3.2 1 to 5). In addition, no significant 
differences were found between the reciprocal NILs for plant height, tiller number per plant, spike 
length and grain number per spike. However, in the case of TKW, reciprocal NILs of N11/Livingston 
(Figure 3.2) and of N11/Bonnie Rock (Figure 3.2) showed significant differences, while the other 
reciprocal NILs remained the same (Figure 3.2). 
3.5 Discussion 
Genetic control of traits can be divided into two types, namely those controlled by a “genome” in the 
nucleus or a “plasmon” in the cytoplasm (Singh et al., 2015). Most traits are usually controlled by the 
genome. However, the influence of the plasmon on different traits has also been reported, e.g., 
cytoplasmic male sterility, which has been used in breeding programs in several species (Singh et al., 
2015). Most genetic variation is due to general combining ability, showing additive gene effects 
controlling TKW, protein content and grain hardness. For example, in the crosses between Selkirk (Ae. 
cylindrica   T. turgidum) and Siete Cerros (Ae. ventricosa  T. dicoccum), alloplasmic lines having the 
same nucleus but different cytoplasms, significant differences for TKW and protein percentage were 
observed (Ekiz et al., 1998). Panayotov and co-workers (1982) also reported cytoplasmic effects on 
protein content and some morphological characters (grain size, TKW etc) of the grain in bread wheat. 
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Furthermore, the expression of nuclear genes controlling gliadin synthesis in bread wheat was affected 
by the presence of a foreign cytoplasm (Parfenova et al., 1989).  Yasumura (1988) also observed the 
effect of cytoplasmic genomes on the expression of grain protein in wheat. Thus, the cytoplasmic 
difference due to reciprocal crosses might have an influence on the plant and grain attributes. 
In this study, the Ay donor line N11, not adapted to the Australian environment, was crossed with 
adapted Australian wheat cultivars. Five groups of reciprocal crosses were conducted while 
introgressing the expressed target allele Ay21* from N11 into the adapted cultivars. Morphological 
evaluation did not reveal any significant differences between the reciprocal groups of NILs for most 
morphological traits. Only TKW was significantly different between the reciprocal lines in the 
Livingston and Bonnie Rock backgrounds (Figure 3.2 E). In this study no further more investigated 
why TKW was significantly differ between Ay intregression reciprocal lines. But Panayotov and co-
workers (1982) previously reported that grain size and TKW can be alerted due to cytoplasmic effects. 
Earlier reports also showed that cytoplasmic difference did not influence the plant morphological 
characteristics. For example, a study focusing on the effect of reciprocal crosses between wheat and 
wheat-related species on morphological characteristics such as plant height, total spike number, number 
of spikelets per spike, spike length, and thousand-kernel weight (Atienza et al., 2007). These results 
showed that the reciprocal crosses did not result in any significant changes for any of the investigated 
agronomic traits. The researchers also stated that both cytoplasms can be used in tritordeum breeding. 
In contrast, Ekiz and co-workers (1997) reported significant differences for TKW in sister lines with 
different cytoplasm, even though both parents were not significantly different. It has been also reported 
that cytoplasms from commercial cultivars can lead to significant differences in reciprocal crosses 
(Tsunewaki, 1988 & 1980). 
Several protein attributes were investigated in the NILs containing the introgressed Ay21* HMW 
glutenin subunit. Several techniques were used in the characterisation process, including MALDI-TOF 
MS for allele compositions, RP-HPLC and SE-HPLC for protein quantification, and NIR to measure 
total grain protein content. The results broadly illustrated the effects of the expression of the 
introgressed Ay HMW-GSs on protein quality. The experiments reported here show that the HMW Ay 
21* subunit has a significant effect on the composition and functional properties of the gluten protein 
fraction. These include effects on total protein content, glutenin and gliadin content, albumin/globulin 
ratio, HMW/LMW subunit ratio, gliadin/glutenin ratio, and UPP%. In conclusion, this study shows that 
1Ay21* HMW-GS has the potential to improve protein quantity and quality in wheat grain. Only minor 
differences were observed among all reciprocal crosses, indicating that both cytoplasms, that of N11 or 
any of the adapted Australian cultivars, could be used by breeding programs to improve protein quality 
and content in new wheat cultivars. 
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Figure 3. 2 Comparison of plant morphological parameters between Ay21* allele introgression 
NILs derived from reciprocal crosses of five different adapted cultivars with the variant allele 
donor. The red bar is the recurrent parent with the NILs of the reciprocal crosses sitting at opposite 
sides.  
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Figure 3. 3 Relative content (%) of the different HMW glutenin subunits for the Ay21* allele 
introgression NILs compared to their recurrent parents. A. Line 3(N11 x Livingston) and Line 
8(Livingston x N11), B. Line4(N11 x Boinne-Rock) and Line 11(Bonnie-Rock x N11), C. Line 
5(N11 x Eagle-Rock) and Line 14(Eagle-Rock x N11), D. Line 3(N11 x Chara) and Line 8(Chara 
x N11), E. Line 3(N11 x Gregory) and Line 8(Gregory x N11). 
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Figure 3. 4 MALDI-TOF MS protein trace showing an example of introgression of the 
HMW glutenin Ay subunit in NILs derived from reciprocal crosses of the adapted cultivar 
Chara with the Ay subunit allele donor.   
The numbers on the protein peaks indicate the molecular weight of the corresponding protein 
in Daltons. The figure shows that the molecular weight of the expressed Ay allele is around 
61.1 kDa. 
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Table 3.3 Gluten composition of Ay21* introgression NILs compared with the recurrent parent 
Lines           
NIL 
NILs Glu% SE Gli%SE A/GSE Glu/Gli 
SE 
UPP% 
SE 
HMW/ 
LMWSE  
N11  
Livingston  
 3-1 44.74a1.09 41.90b0.51 13.36b1.60 1.07a0.01 40.08 a 0.98 0.65c0.01 
 3-7 42.36ab0.52 41.62b0.50 16.02ab1.02 1.02a0.01 40.35 a 0.98 0.77b0.01 
 3-9 39.79b0.43 45.84a1.14 14.36b1.23 0.83c0.01 40.69 a 1.14 0.83a0.01 
Livingston  
N11  
 8-1 41.67ab1.63 41.95b0.40 17.38ab1.23 0.97b0.05 40.25 a 1.43 0.75b.01 
 8-5 41.59ab0.39 41.46b0.08 17.24ab1.42 1.00a0.02 41.22 a 0.93 0.91a0.02 
 8-6 41.49ab0.87 41.47b1.08 18.03a1.95 0.98b0.00 39.86 a 0.40 0.87a0.02 
Livingston  41.36ab0.48 42.56b0.08 16.08ab0.56 0.97b0.01 39.45 a 0.33 0.75b0.01 
N11  
Bonnie Rock  
4-2 40.85ab1.58 44.91 a 2.14 14.24c1.70 0.91 a 0.01 41.45a1.00 0.80a0.00 
4-3 43.82a2.72 42.48 a 2.38 13.70c3.68 1.03 a 1.43 37.75bc2.12 0.75b1.43 
4-4 44.72a1.64 41.79 a 2.09 13.49c3.73 1.07 a 0.01 37.12bc1.00 0.64c0.06 
Bonnie Rock 
 N11  
11-1 41.43ab0.20 40.34 a 0.62 18.23a0.82 1.03 a 0.01 34.10c1.90 0.72b0.04 
11-2 40.90ab0.87 42.41 a 0.05 17.69a0.92 0.94 a 0.02 39.43b0.43 0.71b0.01 
11-3 43.32a0.33 41.18 a 0.21 15.51b0.55 1.05 a 0.01 38.75b0.25 0.64c0.02 
Bonnie 
Rock 
 40.30b0.94 43.82 a 1.22 15.88b2.15 0.89 a 0.01 36.66bc0.87 0.70b0.02 
N11  Chara  7-2 41.27b1.47 44.37a2.47 14.86 a 0.50 0.94 a 0.08 40.08 a 0.15 0.74b0.04 
7-6 42.83ab0.47 42.22ab0.60 14.95 a 1.07 1.01 a 0.01 39.98 a 0.23 0.72b0.03 
7-7 40.82b1.03 45.87a0.97 14.30 a 0.06 0.87 a 0.04 39.97 a 0.35 0.72b0.01 
Chara  N11  12-1 47.26a1.56 37.56b2.47 15.18 a 0.50 1.27 a 0.12 40.45 a 1.91 0.75b0.01 
12-2 41.83b0.01 40.16ab0.96 16.51 a 0.53 1.04 a 0.02 40.82 a 1.45 0.76b0.01 
12-4 43.59ab1.00 41.76ab0.50 14.15 a 0.01 1.04 a 0.04 40.45 a 1.50 0.90a0.01 
Chara  40.86b0.41 42.08ab0.38 16.05 a 0.03 0.99 a 0.02 39.50 a 0.41 0.64c0.03 
N11  Eagle 
Rock  
5-4 43.511.14 41.970.58 16.52 a 0.56 1.01 a 0.04 40.99ab0.87 0.550.01 
Eagle Rock  
N11  
14-1 45.33 a 2.49 38.16 a 2.96 16.51 a 0.53 1.20 a 0.18 41.34ab0.39 0.62 a 0.01 
14-2 43.45 a 1.14 41.41 a 0.14 15.15 a 0.56 1.05 a 0.04 41.91a0.14 0.70 a 0.01 
Eagle Rock  42.67 a 2.44 40.78 a 2.351   14.53 a 1.78 1.01a0.0       
 
40.53b2.5 0.53 a 1.42 
N11  
Gregory 
15-1 41.97ab0.34 41.25 a 0.30 16.78 a 0.64 1.02 a 0.01 40.90 a 1.00 0.43 a 0.05 
15-2 41.50ab0.94 41.39 a 0.96 18.64 a 0.03 0.97 a 0.05 40.03 a 0.08 0.50 a 0.06 
Gregory  
N11  
16-1 45.67a2.02 39.65 a 1.74 14.67 a 0.29 1.16 a 0.10 40.23 a 0.58 0.59 a 0.06 
16-3 42.75ab0.90 41.26 a 0.14 16.00 a 1.40 1.04 a 0.02 41.27 a 0.41 0.59 a 0.09 
EGA 
Gregory 
 40.97b1.32 41.91 a 0.53        15.11 a 0.79 1.03a0.0 
 
39.71a0.1 0.54 a 0.05 
Means with different letters are significantly different (ANOVA, p <0.05) while same letter means no 
significant difference. 
A/G, albumin-to-globulin ratio. SE = Standard Error.  
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Table 3.4 Protein content and quality of Ay21* introgression  NILs compared with their recurrent 
parents 
Means with of different letters are significantly different (ANOVA, p <0.05) while same letter means 
no significant difference. SE = Standard Error   
Lines                    NILs 
Protein% 
SE 
Grain 
hardness 
(PSI)SE 
Flour yield% 
SE   
Minolta b* 
SE 
WA% 
SE 
N11  
Livingston  
  3-1 12.89c1.93 12.16 a 0.73 72.22 a 0.15 9.12ab0.10 66.76a1.10 
  3-7 14.06b1.63 12.37 a 0.97 74.19 a 1.89 8.39b0.28 65.58ab2.28 
  3-9 16.89a1.17 12.2 a 0.01 74.43 a 0.13 10.22a0.29 68.10a2.34 
Livingston  
N11  
  8-1 12.87c0.14 12.65 a 2.07 73.4 a 1.05 8.17b0.42 63.18b1.01 
  8-5 12.66c0.14 11.72 a 1.46 73.22 a 1.05 7.90b0.33 63.57b0.23 
  8-6 13.84ab1.53 11.31 a 0.65 73.72 a 0.49 8.11b0.31 63.28b1.70 
Livingston 12.36c0.08 11.47 a 0.44 73.29 a 0.33 9.09ab0.54 62.99b0.97 
N11  Bonnie 
Rock  
  4-2 13.33a0.38 13.21 a 0.07 70.21 a 1.54 8.93b0.62 65.28a2.24 
  4-3 13.51a1.72 12.39 a 1.92 72.2 a 2.39 9.66a1.72 68.46a2.75 
  4-4 13.93a0.20 12.84 a 0.23 73.87 a 0.13 10.13a0.85 64.06a2.25 
Bonnie Rock  
N11  
11-1 12.47b0.17 13.29 a 0.64 72.24 a 1.54 9.70a0.62 62.70b2.24 
11-2 12.50b0.80 13.24 a 1.95 71.94 a 0.49 8.33b0.04 62.49b1.31 
11-3 12.27b0.09 12.67 a 0.22 74.18 a 0.01 8.49b0.04 62.50b1.31 
Bonnie Rock 12.82ab0.57 12.4 a 0.81 72.07 a 038 9.24a0.51 61.76b2.32 
N11  Chara  
  7-2 11.35b0.01 15.0 a 2.07 71.9 a 0.80 8.380.42 59.8 a 1.01 
  7-6 11.31a0.17 16.77 a 0.64 72.98 a 1.54 8.770.62 60.0 a 2.24 
  7-7 14.10a0.14 11.87 a 1.46 74.36 a 1.05 9.570.33 60.89 a 0.23 
Chara  N11  
12-1 13.56a0.20 17.89 a 0.23 71.79 a 0.13 8.070.85 59.99 a 2.25 
12-2 12.44ab0.16 16.03 a 0.14 73.35 a 0.80 9.160.02 60.82 a 0.95 
12-4 12.96ab0.53 14.3 a 0.40 70.58 a 1.23 9.660.05 60.01 a 1.43 
Chara 12.08b0.80 11.03 a 0.95 71.57 a 0.49 9.310.04 59.75 a 2.38 
N11  Eagle 
Rock  
 5-4 12.37 a 0.02 10.63 a 2.92 70.47 a 0.25 8.61b1.29 64.27ab2.03 
Eagle Rock  
N11  
14-1 12.05 a 0.27 13.66 a 0.96 71.91 a 1.54 10.01a0.34 68.81a2.18 
14-2 12.47 a 0.42 11.94 a 0.47 70.72 a 0.57 8.47b0.50 63.54ab1.27 
Eagle Rock 11.8 a 1.63 11.04 a 0.72 69.24 a 2.03 10.72a2.26 60.87b1.64 
N11  Gregory 
15-1 11.97 a 0.15 18.70a0.72 74.3 a 0.90 8.41b0.55 61.660.06 
15-2 12.45 a 0.16 15.57b0.14 71.88 a 0.80 8.66b0.02 62.570.95 
Gregory  N11  
16-1 11.93 a 0.30 15.60b0.01 73.67 a 0.16 7.66c0.10 63.151.81 
16-3 12.74 a 0.07 15.58b0.01 72.13 a 0.52 7.98c0.21 62.561.81 
EGA Gregory 11.57 a 0.64 15.77b0.80 72.19 a 0.45 9.43a0.71 61.52.34 
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Chapter 4 
Expression of the 1Ay HMW glutenin subunit in Australian wheat cultivars 
has a positive effect on wheat grain quality 
4.1 Abstract 
Out of the six known HMW-GS genes, 1Ay is usually not expressed in bread wheat cultivars. In the 
current study, an active 1Ay gene was integrated into two Australian wheat cultivars, Livingston, and 
Bonnie Rock, using a conventional backcross approach. Three sister lines at the BC4F4 generation were 
obtained for each cross and underwent a series of quality tests. Results show that the active 1Ay subunit 
increased the amount of total protein, glutenin-to-gliadin ratio and unextractable polymeric protein. The 
expressed 1Ay gene also resulted in up to 10% increase of gluten content, 5% increase of glutenin, and 
hence increased the HMW-to-LMW-GS ratio without affecting the expression levels of the other 
subunits. Milling yield and flour swelling were decreased in the Livingston lines and remained mostly 
unchanged in the Bonnie Rock background. Alveograph results showed that Ay improved dough 
strength in Livingston-derived NILs and dough extensibility in the Bonnie Rock background. Zeleny 
sedimentation values were found to be higher in all three lines derived from Bonnie Rock but only in 
one of the Livingston derivatives. Dough development times and peak resistance, determined on the 
micro Z-arm mixer, were increased in most cases. Overall, the integration of the Ay subunit showed 
significant positive effects in breadmaking performance. 
4.2 Introduction 
As mentioned in earlier chapters, breadmaking performance of bread wheat flour is to a great extent 
determined by seed storage protein composition and content, and among those proteins HMW-GSs, 
which only constitute about 10% of the total protein, play a fundamental role in determining dough 
elasticity by promoting the formation of larger glutenin polymers (Altpeter et al., 1996b). Allelic 
variability of the HMW-GSs composition has been reported to account for 50-70% of the variation of 
the observed breadmaking performance and end-product quality (Wang et al., 2013a). As mentioned 
earlier, in hexaploid wheat HMW-GSs are encoded by multiple alleles at the Glu-1 loci on the long 
arms of chromosomes 1A, 1B, and 1D, with each locus consisting of two tightly linked genes encoding 
an x and a y-type subunit. While genes encoding subunits 1Bx, 1Dx, and 1Dy are always expressed in 
bread wheat, and subunits 1By and 1Ax also expressed with some frequency, subunit 1Ay is generally 
not expressed in bread wheat. 
Numerous polymorphisms have been detected at all three Glu-1 loci, which can be exploited by breeders 
to develop new varieties with desirable quality attributes. More polymorphisms are still being found in 
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different landraces, wild species and wheat relatives (Giannibelli et al., 2001; Wan et al., 2000). 
Currently, the number of identified alleles and listed on the Grain Genes 2.0 database is 22 for Glu-A1, 
52 for Glu-B1, and 36 for Glu-D1. The effects of the most frequent Glu-1 alleles on dough quality have 
been assessed using the scoring system developed by Payne and Lawrence (1983). It is clear now that 
breadmaking performance is positively influenced by certain alleles such as GluA1a, GluB1i, and 
GluD1d alleles, encoding the 1Ax1, 1Bx17+1By18, and 1Dx5+1Dy10 subunits, respectively. 
Conversely, the GluA1c, GluB1d and GluD1a alleles, encoding the null, 1Bx6+1By8, and 1Dx2+1Dy12 
subunits, respectively, are associated with poor breadmaking performance (Liu et al., 2016; Shewry et 
al., 2003). 
The gene encoding the 1Ay subunit is usually silenced in wheat (Jiang et al., 2009a). Expression of 
1Ax+1Ay subunits had only been identified in some diploid and tetraploid wheat germplasm thus far 
(Hu et al., 2012). It is known that the y-type subunits contain more cysteine residues than the x-type, 
making it more valuable for the improvement of flour quality, because of its higher potential to form 
more inter and intramolecular disulphide bonds (Peng et al., 2015). It has been proven that 1Ay has a 
positive effect on breadmaking performance. Rogers el al. (1997) reported on the effects of two 1Ay 
alleles, including Glu-A1r , which improved stability during mixing, and Glu-A1a, which improved 
gluten strength (Rogers et al., 1997). A Swedish hexaploid wheat line (W3879) was found to contain 
both an active 1Ax and a 1Ay gene (Margiotta et al., 1996), initially named 21* and 21*y, respectively. 
The 21*y gene was shorter than the inactive Ay gene present in the bread wheat cultivar Cheyenne, 
whereas the 21* gene had a similar size to the gene encoding subunit 2* in Cheyenne. This combination, 
with both x- and y-type genes being expressed, might have been introgressed into breeding line W3879 
from the wild wheat progenitors T. urartu or T. dicoccoides (Margiotta et al., 1996). This allele was 
then introgressed into an Italian bread wheat line after four cycles of backcrosses (Lafiandra et al., 
unpublished) 
The unusual combination, with both the x and y-type subunits at the Glu-A1 locus being expressed, was 
introgressed from the Italian bread wheat line N11 into two adapted Australian bread wheat varieties, 
Livingston and Bonnie Rock, and NILs were generated by backcrossing to evaluate their effect on 
breadmaking performance. This study was designed to evaluate the effect of 1Ax+1Ay HMW-GS 
expression on end-product quality using small-scale quality tests.  
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4.3 Materials and Methods 
4.3.1 Plant materials  
Wheat germplasm with active or silenced Ay gene were used in this study. These were generated from 
crosses between the Italian line N11 (provided by Prof Domenico Lafiandra, from Tuscia University, 
Italy) and Australian cultivars Livingston and Bonnie Rock, with the glutenin allelic composition b-i,-
d and b-i-a, respectively. Reciprocal crosses were carried out. However, the crosses with Australian 
cultivars used as the female parent did not establish well in the early generations, thus all progeny lines 
were generated with the Italian line as the female parent. Starting from the F1 seeds of the N11  
Livingston cross and the N11  Bonnie Rock cross, the Ay introgression lines were backcrossed with 
the recurrent Australian parents up to the BC4 generation and then selfed for three generations to obtain 
BC4F4 homozygous lines. Sister lines production was carried out from the BC4F2 generation. Finally, 
three sister lines were selected at the BC4F4 stage for the further quality testing. At each generation, 
screening for the presence of the Ay subunit plus the alleles of the background cultivars was carried out 
by MALDI-TOF MS. The hybrid seeds were cut into halves across the longitudinal seed axis, and the 
protein was extracted from the embryo-distal part for testing. Once the target protein subunits had been 
identified the other half of the corresponding seed used to produce further generations. Agronomic 
performance (heading and maturity date, plant height, spikes per plant, seeds per spike, etc) as well as 
1000-kernel weight and test weight of sister lines were recorded and compared to their background 
cultivars. The entire Ay introgression process was carried out in a glasshouse.  
4.3.2 SDS-PAGE 
SDS-PAGE was performed according to Cornish et al. (2001). A total of 15 g wheat flour were mixed 
with 600 ml protein extraction buffer (2% SDS, 0.02% bromophenol blue, 0.08 M Tris-HCl pH8.0, 
40% glycerol) and placed in a water bath at 65ºС for 15 min. After centrifugation, samples were 
electrophoresed on gels at 15 mA for 4 h and stained with for 1 hour in 0.1 % w/v Coomassie Brilliant 
Blue R250, 10% (v/v) methanol, and 50% (v/v) acetic acid, then destained with a solution containing 
10% ethanol and 10% acetic acid for 3 h. An AGS-800 Calibrated Densitometer (Bio-Rad, USA) was 
used to scan the protein bands on the gels. 
4.3.3 MALDI-TOF-MS 
The HMW glutenin fraction of the seed storage proteins was extracted following the protocol described 
by Peng et al. (2015) and is described in detail in Chapter 3.  
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4.3.4 SE-HPLC 
Size-exclusion high-performance liquid chromatography (SE-HPLC) was used to quantify glutenin, 
gliadins, and albumin/globulin fractions of the seed protein. The protein extraction protocol of Singh at 
al. (1990) was followed. A total of 10 mg ground wheat was mixed with 1 ml 0.5% SDS phosphate 
buffer and sonicated for 15 sec, ensuring that the sample was completely dispersed within the first five 
seconds. The mixture was then centrifuged for 10 min at 17,000 rcf, and the supernatant was filtered 
using a 0.45 m PVDF filter. A SEC3000 column was used for analysis of the extracted proteins eluted 
with a solution of 50% ACN containing 0.05% TFA at a flow rate of 0.5 ml/min. Proteins were detected 
at a wavelength of 214 nm. Unextractable polymeric protein (UPP) percentages were determined using 
the method of Gupta et al. (1994). 
4.3.5 RP-HPLC 
Quantitative analysis of HMW-GS and determination of the HMW-to-LMW GS ratio were determined 
by RP-HPLC as reported by Marchylo et al. (1989). Ten-μl samples were injected for analysis. Proteins 
were eluted with a linear gradient from 21 to 48% ACN over 55 min at a flow rate of 1ml/min, using a 
column temperature of 50ºС. All samples were detected by UV absorbance at 214 nm. 
4.3.6 Quality attributes 
Quality attributes of samples were determined using NIR prediction models and small-scale testing 
methods. 
4.3.6.1 NIR: Protein and moisture content of the flour, grain hardness, milling yield, flour swelling 
value, and Minitab B were determined by near-infrared reflectance spectroscopy (NIR) using a FOSS 
NIR Systems model 5000 spinning cup. NIR data analysis was conducted using the WinISI software 
package (FOSS NIR Systems Inc., Laurel, MD, USA). Gluten content and alveograph W and P/L values 
were determined using a NIR Systems 6500 instrument (FOSS NIR Systems Inc., Silver Spring, MD, 
USA) and applying predictive calibration models developed by Scholz et al. (2007). 
4.3.6.2 Micromilling: Flour samples for the functional test were prepared on a prototype laboratory 
micromill, suitable to carry out milling of 10-20 g of grain (Uthayakumaran et al., 2000).  
4.3.6.3 Dough mixing properties: Microscale mixing tests were carried out on prototype micro Z-arm 
mixer (METEFEM Ltd, Hungary) using 4 g flour per test. The resistance values were sampled every 
0.1 sec and stored electronically. The following parameters were determined from the mixing curve: 
water absorption, maximum resistance (VUmax), dough development times (DDT), breakdown and 
stability (ST) (Haraszi et al., 2004). 
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4.3.6.4 Sedimentation test using a microscale Zeleny tester: An automated Sedicom System (Lab-
Intern Ltd, Budapest, Hungary) was used to determine Zeleny sedimentation values (Tömösközi et al., 
2012). The measurements were carried out according to the modified ICC Standard No. 116/1. The 
flour (0.4 g) sample was measured into a 15ml cylinder and mixed with 4 mg/l bromophenol blue 
solution and shaken following the standard procedure for 5 min. After removing the cylinder from the 
shaker, 3.15 ml of 21.25% (v/v) lactic acid was added and then shaken for 10 min. The shaker was 
stopped, left to stand for 5 min, and the volume of sediment (ml) was read using a digital reader. A fully 
replicated design was used, with a mean of two measures per replicate. 
4.3.7 Statistical analysis  
Data were subjected to analysis of variance (ANOVA) for each character using IBM-SPSS (version 21) 
software. The significance of variance of the different parameters was determined by t-test at the P=.05 
and P=.01 probability levels. 
4.4 Results 
4.4.1 Identification and characterization of Ay21* HMW-GSs 
The recurrent backcrossing of the gene introgression from the Italian line with the recurrent Australian 
bread wheat varieties Livingston and Bonnie Rock resulted in the production of sister lines in which 
subunit 2* at the Glu-A1 locus was replaced by the subunits 21 and 21y (the expressed target Ay gene). 
Therefore, the lines obtained had a total number of expressed HMW-GSs of six rather than five as in 
the recurrent parents. We can also assume that the effects observed in the lines were mostly due to the 
presence of the introgressed y-type subunit 21*Ay, which replaced subunit 2*Ay, and it can be further 
hypothesized they have similar effects on dough performance due to their strong similarity, including 
molecular weight. Presence of the two subunits in the sister lines was identified by SDS-PAGE (Figure 
4.1) and MALDI-TOF MS (Figure 4.2). Overall protein composition, including the quantitation of the 
Ay subunit, was characterised by SE and RP-HPLC (Table 4.1 and Figure 4.3). MALDI-TOF analysis 
revealed that the Ay subunit had a molecular mass of 61.3 kDa, showing the fastest mobility among all 
HMW-GSs on the gels, and it was also eluted just before the Dy subunit peak on RP-HPLC.  
4.4.2 Alteration in overall protein composition 
Total protein in the flour ranged between 14.48% and 18.74%. All the Ay introgression lines had 
remarkably higher protein content than the recurrent parents (Livingston or Bonnie Rock) with only 
one exception (line Livingston 3-1). Gluten content increased significantly in the Ay-containing lines, 
which ranged from 36.80% to 54.59%, except for one line (Table 4.1). Among the Livingston NILs, 
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gluten content  was the highest in line 3-9 (40.70%), whereas, in the case of Bonnie Rock NILs, the 
highest was 54.59% in line 4-2. 
Based on the SE-HPLC results (Table 4.1), glutenin content increased significantly in all lines 
containing the Ay subunit, compared with the recurrent parents. However, a significant drop of the 
relative amounts of gliadin in the total protein of the Ay introgression lines was observed. Albumin & 
globulin (soluble protein) remain unchanged in all NILs.  These alterations to the glutenin and gliadin 
content caused a significant increase of the Glu/Gli ratio, from 0.90 to 0.98, in the Livingston NILs and 
from 0.94 to 1.03 in the Bonnie Rock NILs. UPP% was also significantly increased in all Ay 
introgression lines, from 50.30 to 51.08-58.04 in the Livingston NILs and from 45.16 to 46.12-52.45 in 
the Bonnie rock NILs, compared with the recurrent Australian parents (Table 4.1).  
Significant increases in HMW-to-LMW GS (Hi/Lo) ratio were also observed in the Ay introgression 
lines. In the Livingston NILs, the ration increased from 0.58 to 0.61-0.71 while in the Bonnie Rock 
NILs it increased from 0.36 to 0.37-0.41. As a result of the presence of the Ay subunit, the x-to-y subunit 
ratios became significantly lower (1.42 - 1.58 and 1.53 – 1.67) than those in the recurrent parents 
Livingston and Bonnie Rock (1.80 and 1.91, respectively). The Ay subunit alone represented 3.01-
5.42% of the HMW-GSs in the Livingston NILs and was significantly higher in the Bonnie Rock NILs 
(6.52 - 9.16%) (Table 4.1). 
4.4.3 Influence of the Ay glutenin subunit on agronomic performance and dough quality  
The morphological and physiological characteristics of the Ay introgression lines, such as plant height, 
tiller number, days to heading and days to maturity, were close to those of the two recurrent Australian 
parents, as observed in glasshouse experiments (data not shown). Test weight increased significantly in 
the Livingston NILs but remained unchanged in Bonnie Rock NILs. Thousand-kernel weights were 
significantly increased in the Bonnie Rock NILs but remained unchanged in the Livingston NILs.  
Milling yield and flour swelling (FSW) were lower in the Livingston Ay introgression lines and 
remained unchanged in the Bonnie Rock-derived lines, with the exception of Bonnie Rock Ay line 4-
4. Grain hardness and Grain colour remain unchanged in NILs 3 and 4 with their parental cultivars 
(Table 4.2). The Ay introgression did not alter water absorption significantly with the exception of 
Livingston line 3-1 (Table 4.2).  
The breadmaking performance of the Ay introgression lines was characterised using an alveograph, 
Zeleny sedimentation values, and the Z-arm mixture test. Results revealed that the alveograph W and 
P/L ratio increased significantly in the Ay introgression lines compared to the recurrent parents (Table 
4.2). In the Livingston background, both the W value and P/L values were the highest in line 3-1 
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(382mm2 and 1.81, respectively) (Table 4.2). In the Bonnie Rock background, line 4-3 ranked top for 
both parameters. Zeleny sedimentation values were found to be higher in all three Ay introgression lines 
of Bonnie Rock and only in one of the Livingston derivatives (line 3-9) when compared with the 
recurrent parents (Table 4.2). 
The dough development times (DDT) and peak resistance (PR), determined on the micro Z-arm mixer 
were higher in most cases due to the introgression of the Ay subunit (Table 4.2).  The highest value was 
observed in Livingston NIL 3-2 (5.1 min; 592 Au). The extent of this increase was up to 50% for DDT 
and 15% for PR in the Livingston background. Among Bonnie Rock sister lines, the highest value of 
DDT was found in line 4-2 (2.7 min) and the highest PR in line 4.3 (572 Au). 
4.5 Discussion 
Wheat storage protein quality is governed by HMW- GSs, which ultimately determines end-product 
quality. Thus, genes encoding HMW-GSs have a significant influence on both positive and negative 
functional dough properties (Blechl et al., 2007; Mao et al., 2013). Integration of novel HMW-GSs have 
been reported to increase grain quality in commercial wheat cultivars (Altpeter et al., 1996b; Barro et 
al., 1997). However, effects of a specific subunit can vary from cultivar to cultivar, which may caused 
by variations in gene expression levels, interaction with other subunits, and cultivar genetic background 
(León et al., 2009). 
In the current study, the effect of an expressed Ay glutenin subunit on grain protein composition and 
end-product quality is reported. The Glu-A1 locus expressing the Ay subunit was introgressed into 
Australian bread wheat cultivars Livingston and Bonnie Rock from Italian line N11 to generate a set of 
sister lines differing from the recurrent Australian parent only for the presence of the active y-type gene. 
Three Ay subunit introgression lines from each parent cultivar were obtained and advanced to the BC4F4 
stage by backcrossing and selfing. Successful introgression of the Ay subunit into the two Australian 
wheat cultivars was confirmed at each stage using various analytical techniques. The alleles present at 
the Glu-B1 and Glu-D1 loci of the Ay lines remained those of the recurrent parents. 
The results obtained demonstrate that the expressed Ay subunit can increase protein and gluten content 
without significantly affecting agronomic traits. Apart from increasing protein and gluten content it also 
significantly improves flour swelling, grain hardness, water absorption, and flour colour. Alterations in 
protein composition have also been observed due to the introgression of the Ay subunit gene. Glutenin 
content, Glu/Gli ratio, and the HMW-GSs x-to-y ratio are increased while gliadin and albumin/globulin 
are decreased. 
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The effect of the Ay subunit on protein composition can be derived from the RP-HPLC data as the 
proportion of individual HMW-GSs over total HMW-GSs in the sibling lines vs. parents (Figure 4.3). 
Clearly, the Ay subunit did not affect the expression levels of the other five HMW-GSs. The expression 
of Ay gene increases the amount of total y-type subunits in the samples, thereby reducing the x-to-y 
ratio, and it also increases the HMW-to-LMW-GS ratio. The increase of glutenin in the Ay NILs 
reduced the relative amount of gliadin and soluble proteins and altered the glutenin-to-gliadin ratio. 
Interestingly, the current study found that expression of the Ay subunit led to an increase of polymeric 
proteins and the proportion of large macropolymers in the polymeric protein fraction. The Glu/Gli  ratio 
was increased from 3 to 8% in the Livingston Ay NILs and from 2 to 10% in the Bonnie Rock NILs. 
UPP% increased from 2 to 16% in both groups of NILs. These alterations undoubtedly improve 
breadmaking performance of the dough, as the amount of polymeric protein is directly related to the 
dough extensibility (Bangur et al., 1997) while the amount of large polymers has a strong relation with 
dough strength, stability and mixing requirement (Gupta et al., 1991). 
The effects of the presence of the Ay subunit on quality parameters can be now be interpreted in the 
light of these observations. In general, the overall grain quality of each Ay introgression line was 
improved over the recurrent parents. However, for a given line, the extent of improvement in different 
quality parameters depends on the actual levels of the alteration of the Glu/Gli ratio and UPP, as well 
as on the allelic composition of the other five glutenin genes present in the NILs. The Payne score has 
been successfully utilised in breeding programs while taking into account the interactions among HMW 
and LMW glutenin alleles (Békés, Kemény & Morell, 2006; Cornish et al., 2006; Gupta et al., 1991). 
An important conceptual finding is that the different allelic combinations rather than the individual 
glutenin alleles should be targeted in breeding to develop new lines with desirable quality attributes, 
due to the large contribution of allele-allele interactions to end-product quality (Békés et al., 2006). 
Further study is needed to characterise the interactions between the Ay and other glutenin genes. 
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Table 4.1 Characterisation of grain protein in Ay introgression lines and their recurrent parents 
Character  
 
Livingston 
( SE) 
Livingston 1Ay introgression 
NILs ( SE) 
Bonnie 
Rock 
( SE) 
Bonnie Rock 1Ay introgression 
NILs ( SE) 
3-1 3-7 3-9 4-2 4-3 4-4 
Protein composition (as measured by % of total protein) 
Gluten 39.79a 
 0.58 
36.80b 
1.09 
40.29a 
0.98 
40.70 a 
0.87 
45.42b 
1.22 
54.59a 
1.01 
53.29a 
0.97 
50.38a 
0.47 
Glutenin 43.03c 
1.03 
45.20a 
0.01 
44.48b 
0.34 
43.78b 
0.98 
44.92 c 
1.23 
47.04a 
0.94 
45.45b 
0.86 
46.36b 
1.92 
Gliadin 47.64 a 
0.76 
45.93c 
0.94 
46.24b 
0.67 
47.59a 
0.45 
47.62a 
0.09 
45.89c 
0.78 
47.15a 
0.75 
46.42b 
0.63 
Albumin & 
globulin 
9.33 a 
0.01 
8.87 a 
0.02 
9.23a 
0.06 
8.63a 
0.02 
7.46a 
0.08 
7.38a 
0.09 
7.4a 
0.03 
7.22a 
0.02 
Glutenin/ 
Gliadin 
0.90 c 
0.00 
0.98a 
0.01 
0.96b 
0.01 
0.93b 
0.00 
0.94c 
0.00 
1.03a 
0.00 
0.96b 
0.02 
0.98b 
0.00 
UPP% 50.30 c 
0.74 
58.04a 
0.78 
54.14b 
0.86 
51.08 bc 
0.76 
45.16c 
0.67 
52.45a 
0.79 
47.25b 
0.68 
46.12b 
0.65 
HMW glutenin subunit composition (as measured by % of HMW-GS) 
1Ay - 5.42a 
0.01 
3.01a 
0.00 
5.33a 
0.01 
- 9.16a 
0.03 
6.52b 
0.01 
6.59b 
0.00 
1By 24.69a 
0.08 
24.59a 
0.10 
24.68a 
0.05 
24.87a 
0.06 
24.08a 
0.17 
20.95a 
0.05 
23.03a 
0.07 
23.01a 
0.01 
1Dy 11.03a 
0.11 
11.03a 
0.05 
11.03a 
0.01 
10.65a 
0.03 
10.27a 
0.06 
8.43a 
0.05 
8.11a 
0.03 
9.14a 
0.03 
1Ax 10.68 a 
0.01 
11.42a 
0.04 
12.15 a 
0.03 
11.75a 
0.00 
12.45 a 
0.02 
11.92a 
0.04 
11.61a 
0.04 
11.10a 
0.04 
1Bx 27.41a 
0.95 
21.95a 
0.66 
24.11a 
1.08 
23.41a 
0.45 
25.27a 
0.56 
24.27a 
0.78 
24.04a 
0.55 
25.11a 
0.63 
1Dx 26.19a 
1.01 
25.59a 
0.09 
25.02a 
0.86 
23.99a 
0.07 
27.93a 
0.17 
25.27a 
0.06 
26.69a 
0.04 
25.05 a 
0.78 
x/y 1.80a 
0.00 
1.47b 
0.00 
1.58 b 
0.01 
1.42b 
0.00 
1.91a 
0.01 
1.67b 
0.00 
1.65b 
0.02 
1.53b 
0.01 
HMW/ 
LMW 
0.58c 
0.00 
0.61c 
0.00 
0.66 b 
0.01 
0.71a 
0.00 
0.36b 
0.00 
0.40a 
0.01 
0.41a 
0.00 
0.37a 
0.00 
Means with different letters are significantly different (ANOVA, p <.05) SE = Standard Error  
UPP = unextractable polymeric protein; x/y = (1Ax + 1Bx + 1Dx)/ (1Ay + 1By + 1Dy) ratio; 
HMW/LMW= HMW-GS-to-LMW-GS ratio.  
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Table 4. 2 Technical properties of flour and dough from Ay introgression wheat lines and their 
recurrent parents  
Means with different letters are significantly different (ANOVA, p <.05) SE = Standard Error 
Alveograph characteristics: W = strength, P/L = elasticity/extensibility ratio.  Z-arm test characteristics: 
DDT= Dough development times, PR= Peak resistance. 
 
 
 
 
 
 
 
 
Character  
 
Livingston 
( SE) 
Livingston 1Ay 
introgression lines ( SE) 
Bonnie 
Rock 
( SE) 
Bonnie Rock 1Ay 
introgression NILs ( SE) 
3-1 3-7 3-9 4-2 4-3 4-4 
Flour protein%  
(at 14% moisture) 
15.56a 
0.03 
14.48b 
0.02 
15.62a
0.19 
15.30a 
0.08 
16.23c 
0.07 
18.74a 
0.12 
18.15ab 
0.20 
17.67b 
0.09 
Flour yield % 77.43a] 
0.61 
76.18ab
0.02 
75.81b
0.40 
75.75b 
0.06 
76.4ab 
0.28 
76.95a 
0.02 
76.4ab 
0.05 
75.07b 
0.04 
Flour swelling 
volume (mL/g) 
16.27a 
0.05 
14.13b 
0.02 
14.09b
0.03 
14.04b 
0.01 
12.28b 
0.06 
12.15b 
0.02 
11.94b 
0.01 
16.17a 
0.11 
Grain hardness 
 PSI (w/w) 
27.21a 
0.14 
27.91a 
0.09 
26.11a
b0.10
00 
24.12b 
0.07 
26.37 a 
0.08 
26.77 a 
0.05 
26.52 a 
0.08 
26.57  
a0.2 
Minolta b* (CIE) 7.86ab 
0.01 
6.88b 
0.02 
8.62a 
0.01 
8.22ab 
0.00 
7.66 a 
0.01 
8.57 a 
0.01 
7.96 a 
0.01 
8.30 a 
0.02 
Water 
absorption% 
63.76a 
0.13 
59.70b 
0.08 
62.79a
b0.02 
63.68a 
0.19 
67.29 a 
0.14 
66.93 a 
0.07 
67.21 a 
0.15 
66.06 a 
0.23 
W-value (mm2) 338b 
2.09 
382a 
3.47 
374a 
2.94 
380a 
2.76 
469c 
1.67 
568a 
3.14 
565a 
0.56 
522b 
0.96 
P/L 1.06c 
0.00 
1.81a 
0.00 
1.34b 
0.01 
1.36b 
0.00 
2.06a 
0.01 
1.61b 
0.00 
2.19a 
0.01 
1.72b 
0.00 
Zeleny 
sedimentation 
value (ml) 
4.25b 
0.04 
4.28b 
0.00 
4.15b 
0.01 
4.70a 
0.03 
4.73d 
0.02 
6.86a 
0.02 
5.76c 
0.00 
6.31b 
0.01 
DDT (min) 3.4b 
0.01 
5.1a 
0.01 
3.6b 
0.01 
4.9a 
0.02 
1.8c 
0.00 
2.7a 
0.00 
2.1b 
0.01 
2.6a 
0.01 
PR (AU) 515d 
3.04 
592a 
0.98 
561b 
2.45 
550c 
2.84 
535b 
1.84 
570a 
1.56 
572a 
2.05 
564c 
3.01 
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Figure 4. 1 SDS PAGE separation of HMW-GSs from single BC4F4 seed of introgression sister NILs 
with an active Ay gene and the corresponding recurrent parents.  
Lane 1: MW ladder. Every sample was run twice, on two adjacent lanes. Lanes 2-7: Livingston NILs 3-1, 3-7 
and 3-9, respectively. Lanes 8-17: Bonnie Rock NILs 4-2, 4-3 and 4-4, respectively. Lanes 16 and 17: cv. 
Bonnie Rock.  
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Figure 4. 2 HMW-GS chromatogram traces of Ay introgression sister lines and their recurrent 
parents as generated by MALDI–TOF MS.  
The numbers on the protein peaks indicate the molecular weight of the corresponding protein in Daltons. 
The figure shows that the molecular weight of the expressed Ay subunit is around 61 kDa and is present 
in Livingston Ay sister NIL 3-1 (Figure A) and Bonnie Rock Ay sister line 4-2 (Figure B) 
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3 A 
3 B 
Figure 4. 3 RP-HPLC trace showing HMW-GS patterns of Ay introgression 
sister NIL 3-1(3B) and the corresponding recurrent parent Livingston (3A) 
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Figure 4. 4 Relative HMW-GSs content, including Ay, across sister NILs.  
L: Livingston, followed by three sister lines (3-1, 3-7 and 3-9); and BR: Bonnie Rock followed by three 
sister lines (4-2, 4-3 and 4-4). 
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Chapter 5 
Introgression the of 1Ay21* gene into Australian wheat cultivar Lincoln 
resulted in increased protein content and baking quality without yield 
reduction  
5.1 Abstract  
The unique breadmaking properties of wheat are related to the quality and quantity of high-molecular 
weight glutenin subunits (HMW-GSs) present in wheat flour. The silent Ay HMW-GS allele usually 
present in bread wheat was replaced by the expressed Ay21* allele, which was introgressed into 
Australian bread wheat cultivar Lincoln, and NILs generated by a backcrossing and selfing scheme to 
end up with the novel allele expressed in the Lincoln background. Stability of gene expression and the 
effect of the introgressed 1Ay21* subunit on protein composition, agronomic traits, flour functionality, 
and bread quality were studied using BC4F5 seed grown in the field and compared with a selection of 
common Australian wheat cultivars. Measurements taken during field trials, followed by large-scale 
quality testing showed significant improvements in grain protein content, grain hardness, test weight, 
water absorption, and bread quality compared to the recurrent parent Lincoln. However, no major 
differences were observed for plant morphological traits, growth habit or grain yield. The Lincoln-
derived Ay NILs showed increased grain protein% (up to 9%), UPP% (up to 24%), bread volume (up 
to 28%), and grain yield (up to 10%), indicating that protein content and grain yield can be increased 
simultaneously by introgressing the expressed Ay gene, which will shows great potential to ultimately 
increase Australian wheat productivity and value without increasing production costs.  
5.2 Introduction 
Grain yield and grain protein content are the most critical criteria for selecting wheat lines in a breeding 
program. Grain yield measures wheat productivity, and protein content determines end-product quality 
(Oury et al., 2007). These two traits are difficult to improve simultaneously due to a negative genetic 
relationship between them (Oury et al., 2003). A main goal of wheat research is to increase protein 
content and lead to better end-product quality without reducing yield. Grain yield and protein content 
differs between varieties. For example, variety EGA Gregory is a high yielding but its protein content 
is low. On the other hand, variety Sunvale is known as protein-rich but is a low-yielding cultivar (Brill 
et al., 2012). Yield and protein content are regulated by both genetic and environmental factors (Uauy 
et al., 2006). High yield or protein content potential generally underperform in adverse environment 
conditions. 
Grain protein content has been known to be closely related to bread volume, a primary measure of 
baking quality (Weegels et al., 1996). Gluten (glutenins and gliadins) is the main contributor to the 
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viscoelastic properties of wheat flour dough. Dough strength and baking quality are determined by the 
qualitative and quantitative properties of the glutenin proteins (Preston et al 1992). Genetic and 
biochemical studies have identified HMW-GS as the major factor influencing flour quality parameters 
such as dough strength and loaf volume (Payne et al., 1987). Other proteins present in the wheat grain, 
such as albumin and globulin, are considered less functionally relevant than the gluten proteins but may 
have yet undiscovered roles (Vasil et al., 2001).  
As described in earlier chapters, hexaploid wheat (Triticum aestivum) has three different but related 
genomes, A, B, and D. Therefore, like many other genes in wheat, the HMW-GSs are encoded in loci 
localised on the long arms of the homologous chromosomes 1A, 1B, and 1D on two tightly linked 
adjacent loci on each chromosome, giving rise to the x and the y-type subunits. But instead of 
theoretically six expressed subunits, most hexaploid wheat cultivars have 3–5 expressed subunits, with 
one or two of the subunit genes silenced (Galili et al., 1997; Vasil et al., 1997). In bread wheat it is 
generally the 1Ay HMW-GS that is not expressed, and until now, no Australian hexaploid cultivar is 
known to carry an expressed 1Ay allele. However, Swedish hexaploid wheat line W3879 carries active 
1Ax and 1Ay alleles (Margiotta et al., 1996), which was used to introgress the expressed 1Ay allele into 
an Italian bread wheat line known as N11. The expressed Ax and Ay genes were initially identified as 
21 and 21y, respectively. NILs carrying the expressed 1Ay21* subunit from N11 were generated in a 
commercial Australian variety Lincoln genetic background using a backcrossing scheme.  
Lincoln is an Australian Hard (AH) variety with average quick maturity, yield, and protein content. 
NVT results showed with a grain yield (GY) of 3.8 ton/ha and grain protein content (GPC) of 11.5%, 
Lincoln is positioned between high-yielding cv. Mace (GY 4.3 ton/ ha and GPC 10.9) and the high-
protein content cv. Spitfire (GY 3.3 ton/ ha and GPC 13.5) (2017 Victorian Winter Crop Summary). 
Lincoln possesses five expressed HMW-GSs.  
A backcrossing and selfing scheme was used to develop three NILs from a Lincoln (female)  N11 
(male) cross: 6-1, 6-4 and 6-7. In Chapter 4 it was reported that the expression of 1Ay21* glutenin 
subunit increased functional protein content in two existing Australian wheat cultivars, and small-scale 
quality tests indicated that the lines generated had the potential to improve end-product quality by being 
used as 1Ay21* allele donors. Here we used three NLIs developed in a Lincoln background were grown 
in the field, followed by agronomic evaluation, grain protein quantification, dough quality 
measurements, and test-baking to determine the effects of the expressed Ay21* allele on grain 
productivity and protein quality for breadmaking. 
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5.3 Materials and Methods  
5.3.1 Introgression of the active Ay allele into Australian cultivar Lincoln 
Line N11, containing the expressed Ay allele, was crossed with Australian cv. Lincoln, and progeny 
lines were backcrossed with Lincoln as the recurrent parent. In each generation, individual grains were 
screened by MALDI-TOF MS analysis (Liu et al., 2009) and the individuals carrying the Glu-A1y21 
allele were backcrossed four times, followed by selfing for three more generation, which resulted in 
BC4F4 NILs. BC4F4 seed was grown in the glasshouse for seed bulk-up for field trials. Three Lincoln 
sister NILs, identified as 6-1, 6-4 and 6-7, were selected for field trials that were conducted at the 
Narrabri NSW field research station in 2014 and 2015 using a randomized complete block design. The 
plot size was 6 m x 2 m, and the harvest area was 4 m x 2 m. Plots were fertilized three times, during 
land preparation (100 kg/ha urea), at tillering (100 kg/ha urea and 80 kg Cotton Sustain® N-P-K 
(6.1:12:22.5) and at heading (50kg/ha urea). Meteorological data were obtained from the Narrabri field 
station. Ten plants from each plot were collected randomly at harvest for relevant phenotyping. 
5.3.2 Characteristics of the wheat seed and flour physical properties 
5.3.2.1 Test weight 
The test weight was measured with a Schopper chondrometer; expressed as kilograms per hectolitre 
(kg/hl). One litre seed was weighed with two replications per plot. 
5.3.2.2 1000-kernel weight (TKW) 
Thousand grains were randomly selected and weighed and the result recorded as the 1,000-kernel 
weight (TKW). 
5.3.2.3Near Infrared Reflectance Spectroscopy (NIR) analysis 
Five grams of ground wheat and flour samples were used for NIR analysis. Three replications were 
recorded per sample. Grain protein content, grain hardness (IPS) and grain moisture (%) were 
determined by NIR using a FOSS Monochromator Type XM-1000 with an attached Foss Rapid Content 
Analyser module. 
5.3.2.4 Flour yield analysis (Bühler milling method) 
A 2.5-3 kg grain sample from each line was processed in a Bühler mill (model MLU-202). Flour yield 
was estimated as a percentage of the total flour obtained by milling of the sample. 
79 
 
5.3.2.5 Flour ash 
Milled flour (5 g) was placed in an ash cup and heated at 58.5oC in an ash oven until stable weight 
reading were obtained. The flour ash was cooled to room temperature for final weighing. Flour ash was 
expressed as a percentage of the sample. 
5.3.2.6 Falling number 
Flour samples (7 g) were weighed and combined with 25 ml of distilled water. The resulting flour paste 
was heated in a boiling water bath at100°C. The time (expressed in seconds) the stirrer took to drop 
through the paste was recorded as the falling number value. 
5.3.2.7 Flour colour analysis (Minolta Chroma Meter Test) 
A flour sample (6-7 g) was placed on the granular materials attachment of a Minolta Chroma Meter and 
then compacted for flour colour measurement. Three-dimensional colour values were obtained 
according to the CIELAB colour space scale: L* for whiteness (100 white and 0 black), a*  for the red-
green component (from +60 red to –60 green), b* for the blue-yellow component (from +60 yellow to 
–60 blue). 
5.3.3 Characterisation of flour protein  
The Dumas (combustion) nitrogen determination method (Elementary vario MAX CN) was used to 
measure the flour protein content. Protein content was calculated as Nitrogen% x 5.7 (at 14% moisture).  
5.3.3.1 SDS- PAGE 
SDS-PAGE was performed according to Cornish et al. (2001) with some modifications. A total of 15 g 
wheat flour was mixed with 600 ml protein extraction buffer (2% SDS, 0.02% bromophenol blue, 
0.08 M Tris-HCl pH 8.0, 40% glycerol) and placed in a water bath at 65ºС for 15 min. After 
electrophoresis at 15 V for 14 h, the gel was stained for 30 min in 0.1 % w/v Coomassie Brilliant Blue 
R250, 10% (v/v) methanol, and 50% (v/v) acetic acid, and subsequently destained with a solution 
containing 10% ethanol and 10% acetic acid) for three hours. An AGS-800 Calibrated Densitometer 
(Bio-Rad, USA) was used to scan the gel in distilled water. 
5.3.3.2 MALDI-TOF-MS 
Protein extraction from the HMW glutenin fraction of the seed storage protein for MALDI-TOF was 
described in Chapter 3. 
5.3.3.3 SE-HPLC and RP-HPLC 
Protein extraction methods were as described in Chapter 3. 
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5.3.4 Characterising dough properties 
Water absorption (WA), dough development time (DDT), dough stability time, and  dough breakdown 
breakdown (DB) were measured with a farinograph using 50g flour samples (adjusted to 14% moisture). 
The sample was dry-mixed in a dough bowl for 1 min and then water added automatically. The amount 
of water needed to centre the farinograph curve peak on the 500-unit line is the WA value (expressed 
as a percentage). DDT is the time between the first addition of water and the centring of a peak position 
of the curve on the 500-unit line (expressed in minutes). The time difference between the point at which 
the top of the curve first intercepts the 500-unit line and the point at which the top of the curve leaves 
the line represents the stability of the dough, also expressed by in minutes. BD is the difference between 
the top of the curve at peak consistency and five minutes later, expressed in units (BU) (RACI, Official 
Testing Method 06–02, 4th edition).  
Dough extensibility and resistance were measured by extensograph, which measures the rheological 
properties of the dough and simulates conditions used in a long-fermentation bread baking process. A 
50-gram flour sample was combined with a salt solution and mixed to form a dough. It was then mixed 
to maximum consistency (peak time). The dough was then placed on the extensograph rounder and 
shaped into a ball. The ball of dough was removed from the rounder and shaped into a cylinder and then 
placed into the extensograph dough cradle, secured with pins, and allowed to rest for 45 minutes in a 
controlled environment. A hook was drawn around the dough cylinder, stretching it downwards until 
breakage. The extensograph trace records the maximum dough resistance (Rmax) and the distance the 
cylindrically shaped dough piece can be stretched before breakage (extensibility) (RACI, Official 
Testing Method 06–01, 4th edition). 
Paste viscosity (PV) properties of wheat flour samples were determined by RVA (Rapid Visco 
Analyzer). Flour samples (3.5 g) were mixed with 25 ml of water to form a slurry. The slurry was heated 
from 60 to 95oC in 6 min while being stirred by the RVA. The peak viscosity is recorded as a curve by 
the RVA. Samples were run twice, and the result expressed as the mean of the two measurements. 
Measurements were reported in Rapid Visco Units (RVU) (RACI Official Testing Method 06–03, 4th 
edition). 
5.3.5 Baking and bread quality assessment 
Flour samples (110 g) were mixed with 3 g yeast, 2 g fat, 1 g sugar, 1 g NaCl, and 0.5 g improver, and 
water was added. As soon as the dough was formed it was placed in a baking pan and proofed for 90 
min at 32 to 34°C in 85% RH. The dough was then baked for 15 min at 215oC. The loaves were removed 
from the pans and cooled at room temperature. Baking and firmness characteristics were tested 1.5-2 h 
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after the loaves were removed from the oven. Baking quality was determined by measuring loaf volume, 
crumb colour, crumb texture, and structure. A straight-dough fermentation process method was used. 
5.3.6 Statistical analysis 
Experimental data were subjected to analysis of variance (ANOVA) for each character using IBM-
SPSS (version 24) software. The significance of the variance of different parameters was determined 
using the Duncan method at a 5% probability level.  
5.4 Results 
5.4.1 Grain protein composition  
Introgression of the Ay21* HMW-GS into the NILs was confirmed by MALDI-TOF MS and SDS-
PAGE analyses. The mass spectra of the HMW subunits showed six distinct and well-separated peaks 
in the trace of the Lincoln-derived NILs. The molecular weight of the Ay21* HMW-GS was 61,150 Da 
in the NILs (Figure 5.1) as described also in the previous chapters. The Ay21* subunit was also 
characterised by SDS-PAGE (Figure 5.2). 
Grain storage protein composition, as determined by SE-HPLC, showed that the addition of the Ay 
subunit to the existing gluten protein family enhanced polymeric protein content and reduced the 
albumin/globulin ratio compared to the recurrent parent Lincoln. Unextractable polymeric protein 
(UPP%) was significantly increased in three NILs, with an increase of 10 to 25% compared to Lincoln 
(Table 5.1). RP-HPLC analysis of the NILs was not able to distinguish the Ay21* subunit from the 
other HMW-GSs. The HMW/LMW ratio was significantly increased in all three NILs (Table 5.1).  
Introgression of the Ay21* HMW-GS was expected to alter the relative proportions of individual 
HMW-GSs. In the NILs, compared to the recurrent parent Lincoln, the relative amount of the 1Ax 
subunit increased by up to 81% (in line 6-1), and the 1Dy subunit increased by 28%, 22% and 16% in 
the NILs 6-1, 6-4 and 6-7, respectively. Following the same order, subunit 1Bx (1Bx7OE) was 
significantly reduced in the NILs, by 39%, 19%, and 18%, respectively; and subunit 1By was also 
reduced, by 30%, 26%, and 9%, respectively (Table 5.1). 
5.4.2 Agronomical and grain quality characteristics 
Three NILs (6-1, 6-4, and 6-7) underwent two years of field trials (2014 and 2015) and large-scale 
quality testing. Grain yield results of the NILs and control cultivars are presented in Table 5.2. There 
were no significant differences between the NILs and the recurrent parent Lincoln regarding growth 
period and plant height in both trials. Yield was affected in 2015 by drought during the grain-filling 
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period (supplementary Table 1, weather data). In this reason, emphasis was given to the Data of 2014. 
TKW and test weight were significantly increased in the three NILs. In NIL 6-7, the TKW was increased 
by 6% relative to the recurrent parent, but not in the other two NILs (Table 5.2). Grain yield was 
increased by 3 to 10% in the NILs compared to the recurrent parent. The average yield of NILs 6-1, 6-
4, and 6-7 was 4741 kg/ha, 4413 kg/ha, and 4284 kg/ha, respectively, whereas the yield of the recurrent 
parent was 4280 kg/ha (Tables 5.2 and 5.5). 
The large-scale quality testing results showed that grain protein and flour protein contents increased in 
the NILs. Grain protein content was in the range of 14.25 to 14.75% in the three NILs, while it was 
13.65% in Lincoln. Flour protein content for the NILs was 13.6% for NIL 6-1, 13.4% for both NIL 6-4  
and NIL 6-7, and 12.5% for Lincoln. Grain protein and flour protein both increased by 8 to 9% in NILs 
compared to the recurrent parent Lincoln (Table 5.2). Grain hardness of the 1Ay21* NILs was similar 
to that of recurrent parent Lincoln, except for NIL 6-4, where it increased by 8% (Table 5.2). Milling 
yield was significantly higher in the three NILs compared to Lincoln: 78.90% for NIL 6-1, 77.50% for 
NIL 6-4, 78.70% for NIL 6-5, and only 75.15% for Lincoln (Table 5.3). The falling number increased 
by between 4 and 12% in the NILs (Table 5.2): 426.20 s, 399.79 s, 433.34 s, and 384.65 s in NILs 6-1, 
6-4, 6-7 and cv. Lincoln, respectively. Flour colour remained basically largely unchanged in the NILs, 
compared to Lincoln (Table 5.3). 
5.4.3 Flour and dough quality 
Dough rheological properties determined by farinograph showed that water absorption (WA) was 
significantly higher in the Ay21* containing NIL 6-1 (59.35). However, the other two NILs had the 
same WA capacity as the recurrent parent Lincoln, 57.0 vs. 56.85, respectively (P=.05) (Table 3). No 
significant differences were detected between the NILs and Lincoln for stability time (Table 5.3). 
Dough development time (DDT) was significantly reduced in NIL 6-7 (6.30 min) compared to NIL 6-
1 (9.0 min), 6-4 (11.0 min), and recurrent parent Lincoln (10.80 min). Dough breakdown (DB) was 
higher in NIL 6-7 (48.75) while the other two lines (6-1 and 6-4) were the same as Lincoln (Table 5.3). 
Dough viscosity properties measured by extensograph showed that the overall extensibility and 
Rmaxvalue were reduced in the NILs (Table 5.3). Extensibility was highest in NIL 6-4 and Rmaxwas the 
highest in NIL 6-1. Extensibility and Rmax were 24.50 cm/439.70 (BU), 26.70 cm/356.75 (BU), 22.80 
cm/296.30 (BU), and 28.75 cm/459.34 (BU) in NILs 6-1, 6-4, 6-7 and Lincoln, respectively. Quality 
testing results also showed that NIL 6-4 had a higher stability time with a lower DB value. In contrast, 
the other two NILs (6-1 and 6-7) showed a reduced stability time with a higher DB value (Table 5.3). 
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Peak 1 Viscosity measured  with the RVA Analyzer showed falling  values in the following order: 
Lincoln (224.89 rvu), NIL 6-4 (192.75 rvu); NIL 6-7 (177.50 rvu); and NIL 6-1 (177.35 rvu) (Table 
5.3).  
5.4.4 Bread quality 
The baking results from the 2014 field trial samples showed that bakery water addition (%) and bread 
loaf volume were significantly increased in the three NILs compared to the recurrent parent Lincoln. 
On the other hand, mixing time was reduced in all three NILs. Bread loaf volume and mixing time of 
Lincoln was 882.15 cm3 and 210 sec, respectively, while increasing to 902.34 cm3 and 180 sec for NIL 
6-1; 987.59 cm3 and 195 sec for NIL 6-4; and 940.00 cm3 and165 sec for NIL 6-7, respectively (Table 
5.4). Bread texture, bread structure, and bread colour of the NILs remained the same as in the recurrent 
parent Lincoln.  
The year 2015 field trial results showed increased bread volume for the NILs. These were 27.90%, 
20.65% and 7.90% higher than Lincoln for NILs 6-1, 6-4, and 6-7, respectively (Table 4). Bakery water 
addition also increased in the Ay three introgression NILs. However, mixing time was reduced in the 
three NILs: 6-1 (262 sec), 6-4 (262.5 sec), 6-7 (210 sec) compared to Lincoln (277 sec). Bread texture 
and bread structure were significantly improved in NILs 6-1 and 6-4. These results indicated that the 
Ay subunit can play a significant role in improving breadmaking performance.  
5.5 Discussion  
5.5.1 Grain yield and grain protein content relationship in NILs  
Yield has been considered as the most important trait in wheat breeding for a long time, mainly as it is 
seen as the main avenue to increasing the economic returns to growers. On the other hand, protein 
content and composition of the grain determines end-product quality. High-yield and high-protein 
content cultivars are desired by both growers and the baking industry (Bushuk et al., 1997). However, 
grain yield and grain protein content are negatively correlated (Oury et al., 2010), which makes it hard 
for breeders to improve both traits simultaneously. 
Lincoln is an Australian hexaploid wheat variety with average yield and protein content. In this study, 
Lincoln was crossed with the Italian hexaploid wheat line N11, which in contrast with most wheat 
varieties possesses an active Ay allele, to produce introgression NILs for this glutenin allele. 
Furthermore, the NILs were analysed for yield, protein content and quality. Results from two years of 
field trials showed yield increases in the NILs, compared to the recurrent parent Lincoln. Variation 
between years was mostly influenced by environmental factors, as the data evaluation suggest. In 2014, 
84 
 
the highest yield was recorded for NIL 6-1 and in 2015 for NIL 6-4. In contrast, the highest grain protein 
content was recorded for NIL 6-7 in both years.  
Grain yield and grain protein are negatively correlated, which was evident in our investigation, with 
strong genotype-by-environment interaction effects involved (Oury et al., 2003). In this study, we 
observed that 2015 was the dry year compared to 2014 (Narrabri weather data Table 5.6). In 2014, 
higher grain yields and lower grain protein were obtained, whilst in the drier year 2015, the NILs had 
lower grain yield and higher grain protein content. 
Grain protein deviation (GPD) is the standardised residual regression between grain yield and grain 
protein (Bogard et al., 2010). Genotypes with significantly higher GPD can be achieved by striking a 
better compromise between grain yield and grain protein. In the case of grain yield and grain protein, a 
composite parameter, such as protein yield, could create a relationship between yield and protein that 
could be exploited for line selection in breeding (Koekemoer et al.,1999; McKendry et al.,1995). In this 
study, some popular cultivars were included in both years to compare the protein yield of the NILs and 
that of the comparator varieties. In the 2014 trial, the protein yield ranking of the NILs and selected 
cultivars was: NIL 6-1 (69924.22) > Spitfire (68700.35) > NIL 6-4 (64201.88) > Westonia (61302.94) 
>  NIL 6-7 (61043.44) > Lincoln (58422.00) > EGA Gregory (56093.88) > Sunvale (54763.64) 
(Table 5). This clearly indicated that two of the NILs performed well, having achieved first and third 
place in the ranking (Table 5.5). Selecting for lines with higher GPD should be beneficial for breeding 
programs. 
5.5.2 Influence of the expressed Ay21* allele on dough rheological properties and bread quality 
The HMW-GS haplotype of cv. Lincoln is 1Ax2, 1Bx7OE + 1By8 and 1Dx2 + 1Dy12. Addition of an 
expressed 1Ay subunit was able to demonstrate the significant influence of this additional subunit on 
grain storage protein composition. In the NILs 6-1 and 6-7, the presence of Ay21* increased the 
protein% and UPP%, whereas in NIL 6-4 it resulted in an increase of protein%, glutenin%, UPP% and 
HMW/LMW-GS ratio. Previous research found that the 1Ax1 and 1Dx5 HMW subunits changed 
protein composition, increased total storage protein and the HMW/LMW-GS ratio and also the 
gliadin/glutenin ratio (León et al., 2009). 
The alteration of the grain storage protein composition by the introgressed Ay21* subunit allele had 
significant effect on baking quality in several ways, as found in this study. Firstly, the addition resulted 
in wheat lines with six HMW-GS, which has the potential to provide beneficial effects on dough 
properties, as demonstrated earlier by Shewry et al. (2000). Secondly, the alteration had a positive effect 
on baking quality. This is partly due to a balancing of the effect of subunit Bx7OE, leading to optimal 
dough strength. It has previously been proven that the Bx7OE HMW-GS increases dough strength more 
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efficiently than Bx7 (Vawser et al., 2004). Australian cv. Lincoln has a higher relative amount of the 
Bx7OE HMW subunit, which makes the dough excessively strong, which may reduce baking quality 
(Bushuk et al., 1969).  
The extensograph results in this study showed lower extensibility and Rmax values for the introgression 
NILs (Table 5.3). This is interpreted as the novel Ay subunit balancing out the effect of the Bx7OE 
subunit, which is known to increase dough strength. The positive effect became evident in an increase 
of bread loaf volume by 8 to 28%, and bread texture and structure also improved in Ay21* introgression 
NILs compared to the recurrent parent Lincoln. 
High water absorption (WA) is one of the more important criteria in the baking industry. WA is 
responsible for disulphide bond protein cross-linking during dough mixing. An optimum amount of 
water is required to get excellent gluten strength. The proper amount of water depends on the quantity 
of protein. Protein content is an essential determinant of the water absorbed during mixing (Sliwinski 
et al., 2004). Dough with high WA has long stability time and a lower DB value, which positively 
influences breadmaking performance (Nash, et al 2006). In this study, WA was increased in all three 
NILs compared to the recurrent parent Lincoln. 
The long-fermentation baking test result showed that Ay introgression NILs had shorter mixing times 
with higher WA. The results also showed a positive correlation between UPP% and bread loaf volume. 
The latter is an indication of the unextractable polymeric protein (UPP%) content of the bread (Zaidel 
et al., 2010). It is used as a quality control in the industry and by consumers (Penfield et al., 1990; 
Zuwariah et al., 2009). Dough mixing time also plays an important role in commercial baking. A 
relatively short dough mixing time is desired in the baking industry.  
Thus, it appears that the Ay21* HMW subunit reduces dough mixing time and improves bread texture, 
structure, and volume. It has been postulated that introgression of the Ay21* HMW subunit gene could 
provide a balance in dough strength for better breadmaking performance and thus end-product quality. 
5.6 Conclusion  
This study has demonstrated that introgression of the Ay21* HMW-GS can improve storage protein 
composition and breadmaking performance of Australian wheat flour without reducing grain yield or 
affecting other agronomic traits. Particularly, Ay21* interacted positively with other subunits, resulting 
in reduced extensibility (Rmax value) and dough mixing time, and increased water absorption, thus 
balancing dough strength and leading to higher-quality bread and other bakery products. In the future, 
the Ay21* Lincoln-derived introgression NILs could be utilised as an Ay21* allele source in commercial 
wheat breeding, to develop new wheat varieties with improved quality and grain yield.  
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Table 5.1 Protein composition of Ay21* introgression NILs and recurrent parent Lincoln 
Means with different letters are significantly different (ANOVA, p <0.05) SE = Standard Error 
  
Parameters Lincoln 
( SE) 
           Lincoln x  N11 NILs 
6-1( SE) 6-4( SE) 6-7( SE) 
SE-HPLC Glu% 46.70a 0.14 44.50a 1.03 47.60a1.04 48.10a0.86  
Gli% 38.40a 0.74 41.20a 0.56 37.90a0.67 35.20a0.07  
Alb-Glob% 14.70a 0.01 14.10a 0.95 14.30a1.04 15.90a0.40  
Glu%/ Gli% 01.20a 0.00 1.01a0.00 01.20a0.00 1.40a0.01  
UPP% 33.30b 1.23 40.90a1.90 41.70a1.04 37.90ab0.80 
RP-HPLC Dy% 20.09b0.76 25.70a0.56 24.65a0.76 23.32a1.04  
By% 12.05a.0.08   8.87b0.05  9.16b 0.45 10.88a0.01  
Dx% 22.11b1.59 29.26a1.02 22.68b0.91 21.95b.67  
Bx% 40.51a3.90 24.62c1.90 32.55b1.60 32.44b0.95  
Ax% 07.73b0.95 14.00a.80 13.46a0.07 13.91a0.82  
HMW/LMW 0.63c0.01 0.72b0.00 0.87a0.02 0.67bc0.01 
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Table 5.2 Yield and grain quality assessment of Ay21* introgression NILs and recurrent parent 
Lincoln from field trials conducted in the years 2014 and 2015 
Traits Field 
trial 
year 
Lincoln 
(parent) 
 Lincoln  N11 derived NILs 
(parent) ( SE) 6-1( SE) 6-4( SE) 6-7( SE) 
Yield (kg/ha) 2014  
2015 
4280.00b56.63 
3788.89 a 98.23 
4740.6a22.00 
3713.89 a 17.23 
4412.50ab25.04 
3843.06 a 10.67 
4283.75b16.12 
3858.89 a 75.56 
Test weight 
(kg/hl) 
2014 
2015 
78.90b4.23 
73.70 a 1.90 
79.90ab2.79 
75.25 a 0.78 
79.70ab3.45 
75.30 a 2.58 
81.35a1.34 
75.90 a 1.56 
Thousand-kernel 
weight (g) 
2014 
2015 
32.50b0.98 
28.60 a 0.23 
32.80b0.76 
28.60 a 0.36 
31.50b1.23 
29.65 a 0.65 
34.65a0.51 
28.80 a 0.53 
Grain protein (%) 2014 
2015 
13.65c0.11 
16.75 a 0.15 
14.75a0.07 
16.65 a 0.09 
14.55ab0.03 
16.65 a 0.11 
14.25bc0.04 
17.05 a 0.09 
Flour protein (%) 2014 
2015 
12.50b0.02 
15.90 a 0.04 
13.60a0.00 
15.50 a 0.04 
13.40a0.01 
15.25 a 0.02 
13.40a0.01 
15.80 a 0.03 
Grains hardness (PSI 
%) 
2014 
2015 
14.850.00 
15.15 a 0.02 
14.650.05 
14.20 a 0.03 
16.950.03 
12.65 a 0.03 
15.600.04 
15.15 a 0.01 
Bühler milling (%) 2014 
2015 
75.15c1.03 
73.89 a 0.05 
78.90a0.85 
74.88 a 0.09 
77.50b0.05 
74.05 a 0.10 
78.70a0.05 
74.52 a 0.08 
Ash (%) 2014 
2015 
0.410b0.00 
0.48ab0.01 
0.50a0.00 
0.50a0.00 
0.48a0.00 
0.49ab0.00 
0.48a0.01 
0.47c0.00 
Falling number (secs) 2014 
2015 
384.65b3.10 
427.50 a 2.03 
426.00a1.26 
384.50 a 1.50 
399.80b2.01 
445.00 a 2.35 
433.35a0.97 
412.00 a 0.88 
Days to maturity 
(days) 
2014 
2015 
250.00 a 0.01 
250.00 a 0.02 
250.00 a 0.02 
250.00 a 0.04 
249.00 a 0.03 250.00 a 0.01 
250.00 a 0.01 249.00 a 0.02 
Plant height (cm) 2014 
2015 
92.00 a 0.85 
92.00 a 1.23 
95.00 a 1.23 
95.00 a 0.97 
95.00 a 0.66 94.00 a 0.22 
94.00 a 0.45 95.00 a 2.45 
Means with different letters are significantly different (ANOVA, p <0.05) SE = Standard Error 
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Table 5.3 Flour and dough quality assessment of Ay integrated lines 
Traits Field  
trials 
Year 
Lincoln 
(parent) 
( SE) 
         Sub lines of Lincoln X N11 
    6-1 
  ( SE) 
   6-4 
( SE) 
   6-7 
( SE) 
Water Abs. (%) 2014 
2015 
56.85b0.25 
56.75 a 0.55 
59.35a0.65 
58.35 a 0.85 
57.00b0.30 
58.10 a 0.50 
57.00b0.15 
58.3 a 0.20 
DDT (min) Dough 
Development time 
2014 
2015 
6.40 a 0.05 
18.20a0.03 
4.55 a 0.01 
14.15ab0.05 
6.05 a 0.01 
16.30ab0.01 
4.05 a 0.02 
11.10b0.05 
Stability (min) 2014 
2015 
10.80a0.04 
20.00 a 0.00 
9.00a0.06 
20.00 a 0.00 
11.10a0.23 
20.00 a 0.00 
6.30b001 
20.00 a 0.00 
Dough  Breakdown (BU) 2014 
2015 
28.05b0.07 
10.00 a 0.12 
37.70b0.06 
10.00 a 0.09 
30.45b0.01 
10.50 a 0.04 
48.75a0.06 
13.50 a 0.09 
Extensibility (cm) 2014 
2015 
28.75a2,25 
23.55 a 2.65 
24.50ab1.17 
22.35 a 1.45 
26.70ab0.40 
23.30 a 0.30 
22.80b0.04 
23.65 a 0.25 
Rmax (BU) 2014 
2015 
459.35a9.35 
623.00 a 15.00 
439.70ab0.30 
676.50 a 11.50 
356.75ab8.75 
645.00 a 12.01 
296.30b23.70 
621.50 a 16.50 
Peak 1 Viscosity (rvu) 2014 
2015 
224.90a6.26 
201.50ab6.90 
177.35c5.23 
195.50bc4.50 
192.75b3.50 
211.50a3.02 
177.50c2.34 
182.50c1.95 
Means with different letters are significantly different (ANOVA, p <0.05) SE = Standard Error 
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Table 5. 4 Bread-baking quality parameters of Ay21* introgression NILs and recurrent parent 
Lincoln from field trial samples 
Means with different letters are significantly different (ANOVA, p <0.05) SE = Standard Error 
 
  
Traits  Trial  
Year 
Lincoln 
(parent) 
( SE) 
Sub lines of Lincoln X N11 
6-1( SE) 6-4( SE) 6-7( SE) 
Bakery Water  
Addition (%) 
2014 
2015 
52.10b0.24 
51.90b0.32 
54.55a0.45 
53.60a0.23 
53.30ab0.35 
53.10a0.09 
52.55ab0.11 
53.55a0.05 
Mixing Time  
(secs) 
2014 
2015 
210.00a2.16 
277.50a1.95 
180.00ab2.13 
262.50a1.23 
195.00a1.45 
262.50a2.01 
165.00b2.01 
210.00a1.10 
Volume (cc) 2014 
2015 
882.15c5.23 
760.00b3.67 
902.34b4.45 
972.50a6.54 
987.59a4.44 
917.50a2.57 
940.00a3.33 
820.00a10.67 
Texture (/10) 2014 
2015 
7.30a0.00 
6.50b0.00 
7.00a0.00 
8.00a0.00 
7.00a0.00 
8.00a0.00 
7.15a0.00 
7.00b0.00 
Structure (/10) 2014 
2015 
7.30a0.01 
7.00b0.01 
7.00a0.01 
8.00a0.00 
7.00a0.01 
8.00a0.00 
7.00a0.00 
7.00b0.00 
Crumb L* 2014 
2015 
83.29 a 3.23 
81.42 a 2.34 
83.07 a 2.45 
81.39 a 1.27 
82.05 a 1.25 
82.50 a 1.01 
82.43 a 2.34 
81.93 a 0.02 
Crumb a* 2014 
2015 
-0.37 a 0.00 
0.12 a 0.00 
-0.39 a 0.00 
-0.12 a 0.00 
-0.58 a 0.00 
-0.35 a 0.00 
-0.32 a 0.00 
0.06 a 0.00 
Crumb b* 2014 
2015 
15.95 a 0.03 
16.56 a 0.02 
14.87 a 0..01 
15.18 a 0.02 
16.42 a 0.00 
17.19 a 0.01 
15.06 a 0.02 
16.31 a 0.01 
90 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. 1 MALDI-TOF MS trace of HMW-GS for NIL 6-1 and the recurrent parent, showing 
integration of the Ay21* subunit.  
The numbers on the protein peaks indicate the molecular weight of the corresponding protein in Daltons. 
The figure shows a molecular weight around 61 kDa for the Ay21* subunit. 
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Figure 5. 2 SDS-PAGE separation of HMW-GSs from a single BC4F4 seed of Ay21* introgression 
sister lines and the recurrent parents.  
Lane 1: NIL 6-1; Lane 2: NIL 6-7; Lane 3: NIL 6-9; Lanes 4 & 5: cv. Lincoln. 
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Table 5.5 Yield and grain protein of Ay21* introgression NILs in comparison with recurrent 
parent Lincoln and other Australian cultivars 
 Material Yield (kg/ha)  Grain protein% 
 
2014 
Lincoln X N11 NILs 6.1 4740.60a 14.75 
6.4 4412.50ab 14.55 
6.7 4283.75b 14.25 
Lincoln 4280.00b 13.65 
Spitfire 4662.25a 14.7 
Sunvale 3829.60c 14.3 
WENTONA 4540.00ab 13.48 
EGA Gregory 4221.30b 13.4 
2015 
Lincoln X N11 NILs 6.1 3513.89 
16.65 
6.4 3843.06 
16.65 
6.7 3588.89 17.05 
Lincoln 3788.89 16.75 
Spitfire 3870.93 17.15 
Sunvale 3484.91 17.50 
Westonia 3970.14 15.80 
EGA Gregory 3817.7 15.90 
Means with different letters are significantly different (ANOVA, p <.05) 
 
 Supplementary Table 1: Rainfall and temperature data for the Narrabri field trial station 
Rainfall 
Year Jun Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
              
2014 5 37.6 176.4 4.2 19.8 49.2 7.2 54 14.2 5.6 16.6 68.4 458.2 
2015 54.4 25 120 107 25.4 45.2 21 31.4 10.2 20.6 83 41 584.2 
Temperature 
              
2014 36.7 35 30.4 27.1 22.7 18.6 18.4 19.4 23.8 30.8 35.3 34.1 27.7 
2015 33.6 34.6 32.2 24.3 21.2 18.4 16.8 19.2 23 31.2 32.4 33.9 26.7 
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Chapter 6 
Evaluation of breadmaking performance of introgression NILs carrying the 
expressed HMW-GS Ay subunit alleles Ay21* and AyT1 in Australian wheat 
cultivar  
6.1 Abstract 
Two functional alleles of the 1Ay high-molecular-weight glutenin subunit (HMW-GS), Ay21* and 
AyT1, identified from Italian wheat line N11 (AABBDD) and durum wheat line C422 (AABB), 
respectively, were introgressed into Australian bread wheat (Triticum aestivum L.) cv. Livingston 
separately and two sets of near-isogenic lines (NILs) were developed. The Ay21* and AyT1 
introgression lines express six HMW-GSs, while the highest number of subunits found in commercial 
bread wheat cultivars is generally five. Yield and agronomic performance of the NILs were evaluated 
in the field and the protein, dough and baking quality attributes evaluated by large-scale quality testing. 
Results demonstrated that the introgression of the 1Ay21* subunit increased polymeric protein (UPP%) 
by up to 14.3%, along with dough elasticity, and improved bread loaf volume by up to 9.2%. Similarly, 
the 1AyT1 subunit increased total grain protein by up to 9%, along with dough elasticity. Both sets of 
NILs reduced dough-mixing time compared to the recurrent parent Livingston. The results also showed 
that Ay21* has higher potential to improve baking quality than AyT1 in the Livingston genetic 
background. Both alleles showed potential to be utilised in breeding programs to improve breadmaking 
performance. 
6.2 Introduction  
Wheat is one of the major cereal crops grown in the world and widely utilised as a staple food (Anjum 
et al., 2007). Wheat grain naturally contains gluten protein. When wheat flour is used for baking, the 
gluten proteins in the dough form a large crosslinked network, thereby conferring the dough is 
characteristic viscoelastic properties which allow wheat flour to be processed into a wide range of food 
products (Weegels et al., 1996). Although wheat grain contains several classes of proteins, the HMW-
GSs appear to be particularly important in the formation of large polymers, conferring the gluten 
elasticity and contributing toward dough strength (Bekes et al., 1994; Kuktaite, 2004).  
In hexaploid wheat, the HMW-GS proteins are encoded by the complex Glu1 loci on the long arm of 
chromosomes 1A, 1B and 1D. Each locus encodes two structurally different kinds of protein: the x and 
the y-type HMW-GSs (Payne et al.,1981). Theoretically, this should lead to the expression of six HMW-
GSs in the grain, 1Ax, 1Bx 1Dx, 1Dy 1By, and 1Ay. However, the total number of HMW-GSs in a 
cultivar ranges from three to five due gene silencing. Particularly, the gene encoding the 1Ay subunit 
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is usually silent in common wheat. It has been well documented that both the x and y-type subunits at 
the Glu-1 locus in bread wheat have an influence on bread making performance (Rogers et al., 1991).  
Several alleles have been identified at each locus, and considerable allelic effects have been reported 
for baking quality. For example, the combination of the 1Dx5+1Dy10 subunits is associated with 
stronger dough and better breadmaking performance when compared to the 1Dx2+1Dy12 subunits. 
Meanwhile, the subunit pair 1Bx17+1By18 is better than 1Bx6+1By8 and 1Bx20. Similarly, the 1Ax2.., 
1Ax1 and 1Ax2* subunits provide for better breadmaking performance than the null allele (Branlard et 
al. 1992, 2001; Cornish et al. 2001). Recently, several different 1Ay subunits were reported in wild 
emmer, and diploid and tetraploid wheat lines, and another research group confirmed the presence of 
expressed Ay subunits in Swedish bread wheat cultivars (Margiotta et al., 1996). Nevertheless, our 
knowledge regarding the effect of expressed 1Ay alleles on baking quality is still deficient.  
Several expressed Ay subunits have been introgressed into bread wheat from a different sources and 
their influence on end-product quality studied. For example, Rogers et al., (1997) found that HMW-GS 
Glu-A1r from T. boeoticum Boiss. ssp., encoding HMW-GS 39+40, improved stability during mixing 
and Glu-A1s, encoding HMW-GS 41+42, resulted in an improvement of gluten strength. Recently, 
another group found that wheat line Ta Ay7-40, carrying the 1Ay (Glu-A1-2) allele improved grain 
protein content, sedimentation value, and wet gluten content (Wang, Z., et al., 2018). Australian bread 
wheat cultivars have a silent Ay and an active Ax allele. It has been demonstrated in the previous chapters 
(chapter 3-5) that the subunit 1Ax21* + 1Ay21* found in Swedish wheat is associated with better 
breadmaking performance than when a single subunit 1Ax1 or 1Ax2 is present. However, like other 
HMW-GS loci, the 1Ay gene might have allelic effects on end-product quality. It is possible that 
different 1Ay HMW-GSs alleles could influence protein quality and quantity and baking quality in 
different ways. However, due to the lack of cultivars expressing 1Ay alleles, this aspect has not received 
much attention from researchers, as is particularly the case for Australian bread wheat cultivars.  
This study has thus investigated the effect of different alleles of 1Ay HMW-GSs on polymeric protein 
quality, dough rheological properties, and baking quality. The functional allele 1Ay21*, identified in 
the Italian hexaploid wheat (AABBDD) line N11, and another functional allele, AyT1, identified in 
tetraploid (AABB) durum wheat line C422, were both introgressed into Australian bread wheat 
Livingston to produce NILs carrying each Ay allele individually and which were grown in the field for 
large-scale quality testing. 
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6.3 Materials and Methods  
6.3.1 Plant material 
NILs carrying the 1Ay alleles from Italian wheat lines N11 (female) and C422 (female) were generated 
by crossing those lines with Australian wheat cv. Livingston (male), and the progeny from these crosses 
backcrossed over four generation with Livingston as the recurrent parent. The whole introgression 
process was carried out in a Murdoch University glasshouse. After each round of backcrossing, the 
presence of the target protein peak of the Ay21* (61,150 Da) and AyT1 (63,500 Da) subunits was 
confirmed by MALDI-TOF MS before proceeding to the next generation. The advanced backcrosses 
were selfed over four generations to obtain BC4F4 NILs of Livingston carrying the Ay21* and AyT1 
alleles, as confirmed by MALDI-TOF MS and SDS-PAGE. Three individual NILs were selected from 
each cross. The HMW-GS AyT1 introgression NILs were named 1-1, 1-2 and 1-3, and the Ay21* NILs 
3-1, 3-7 and 3-9, respectively. 
6.3.2 Field trials 
Field experiments were conducted at the Narrabri field trial station in NSW, in 2014. The field 
experiment design was a randomized complete block design. Plot size was 6m x 2m; harvest area was 
4m x 2m. The field was irrigated to full profile moisture before planting plus one irrigation (about 
35 mm) during the growing season before flowering. Fertilizer was applied three times, at land 
preparation (100 kg/ha urea), at tillering (100 kg/ha urea and 80 kg Cotton Sustain® N-P-K 
(6.1:12:22.5))and at heading (50 kg/ha urea). Meteorological data were obtained from the Narrabri field 
trial station. Ten plants were randomly selected to record morphological data (plant height, tiller 
number, heading date, spike length, grains per spike).  
6.3.3 Characteristics of the wheat seed and flour physical properties 
Test weight was measured using a Schopper chondrometer (kg/hL). 1,000-kernel weight (TKW),  grain 
protein %, grain hardness (IPS) and grain moisture % were measured using the NIR-based total nitrogen 
determination method. An Elementary vario MAX CN instrument, based on the Dumas combustion 
method, was used to measure the flour protein content. Flour ash and falling number were also measured 
in this experiment. Flour Colour Analysis was done using a Minolta Chroma Meter. All methods are 
described in detail in Chapter 5. 
6.3.4 Identification of Ay HMW-GSs 
Protein extraction an analysis by MALDI-TOF MS and HPLC are described in Chapter 3. 
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6.3.5 Characterisation of dough properties 
Methods for the characterisation of dough properties are described in Chapter 5. 
6.3.6 Baking and bread quality assessment 
Straight-dough method: a dough was produced by mixing flour and another reagent. Flour (110g) was 
mixed with 3 g yeast, 2 g fat (vegetable shortening), 1 g sugar, 1 g NaCl and 0.5 g improver. Water was 
added as required.  As soon as the dough was formed it was placed in a baking pan and proofed for 90 
min at 32 to 34°C at 85% RH. The dough was then baked for 15 min at 215°C. The loaves were removed 
from the pans and cooled to room temperature. Baking and firmness characteristics were tested 1.5-2 h 
after the loaves had been removed from the oven. The baking quality evaluation included measuring 
bread loaf volume, crumb colour, crumb texture, and structure following standard procedures (RACI 
Official Testing Method 07–02, 4th edition). 
Rapid-dough method: In the rapid-dough breadmaking process, low to high-intensity mixers were used 
to develop the dough fully, and bread was made baked in 2 hours. Most ingredients were the same as 
for the straight dough, except for the sugar level used which was 25% higher in the rapid dough. Other 
changes were made to the formulation, such as higher flour protein content, yeast type and levels, salt, 
and modifiers.  
6.3.7 Statistical analysis 
All the data generated from the field trials were analysed using SPSS software (version 24). Multivariate 
analysis of variance (MNOVA) was used to determine the significance of different factors on each 
agronomic trait and protein parameter. The significance of variance of the different parameters was 
determined by t-test at the P=.05 probability levels. 
 
6.4 Results 
6.4.1 HMW-GS composition of Ay21* and AyT1 introgression NILs 
The recurrent parent Livingston had five HMW-GSs (1Ax1, 1Bx17+1By18, 1Dx5+1Dy10). After 
introgression of the 1AyT1 allele, the HMW-GS composition of NILs 1-1, 1-2 &1-3 became 1Ax1 
+1AyT1, 1Bx17+1By18, 1Dx5+1Dy10. Likewise, the HMW-GS composition of lines 3-1, 3-7, & 3-9 
became 1Ax21+1Ay21*, 1Bx17+1By18, 1Dx5+1Dy10. The two sets of 1Ay introgression NILs 
differed only at the Glu-1A locus. Two unique 1AyT1 and 1Ay21* subunits were identifiable by 
MALDI-TOF MS based on their molecular weights, 63.5kDa and 61kDa, respectively (Figure 6.1).  
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6.4.2 Protein attributes of Ay21* and AyT1 introgression NILs 
Grain protein and flour protein both were significantly increased in the 1AyT1 introgression lines (1-1, 
1-2 and 1-3) compared to the 1Ay21* introgression lines (3-1, 3-7 and 3-9) and the recurrent parent 
Livingston (Table 6.1). However, SE-HPLC analyses showed that on an average the presence of 1Ay21* 
increased polymeric protein content more than 1AyT1. On average, the 1AyT1 lines contained 15.23% 
grain protein, 14.26% flour protein, 41.63% polymeric protein (glutenin), and 36.40% large 
unextractable polymeric protein (UPP%), whereas the 1Ay21* introgression lines 3-1, 3-7 & 3-9 had an 
average grain protein content of 14.60%, flour protein content 13.40%, polymeric protein 41.60%, and 
large polymeric protein 41.34% (Tables 6.1). Notably, the UPP% (45.55%) were significantly higher 
in one of the 1Ay21* introgression line 3-9. Further remarkably, the 1AyT1 introgression line 1-3 had a 
high protein content but a significantly reduced UPP% (28.20%) compared to 1Ay21* lines and the 
recurrent parent Livingston (Table 6.1). No significant differences were observed in the relative amount 
of the different HMW-GSs (Figure 6.2). However, the relative amount of 1Ay HMW-GS was higher in 
the 1Ay21* introgression lines (5.27% for line 3-1, 4.9% for line 3-7 and 5.39% for line 3-9) compared 
to the 1AyT1 introgression NILs (3.36% for line 1-1, 3.71% for line 1-2 and 2.6% for line 1-3) (Figure 
6.2). 
6.4.3 Morphological and physical characteristics of wheat grain and flour in the Ay introgression 
lines 
Plant morphological characterisation showed that most agronomic traits remained the same in the NILs 
as in the corresponding recurrent parent. The Ay introgression NILs and Livingston had similar growth 
habit, heading date, plant height, spike length, tiller number, TKW. However, on average, the Ay21* 
introgression NILs had a higher grain number per spike compared to the AyT1 NILs. Furthermore, one 
NIL from each introgression set showed a significant increase in test weight (NIL 1-2 84.14 g and NIL 
3-9 84.45 g) compared to the recurrent parental Livingston (82.97 g).  
On the other hand, several parameters related to grain physical properties were influenced by the 
introgressed Ay alleles. Bühler milling and flour ash were significantly different among the two sets of 
NILs and the recurrent parent Livingston. On average, Bühler milling extraction was higher, and flour 
ash was lower in the Ay21* NILs (Table 6.3). Flour colour analysis (the CIE L*a*b* colour space was 
measured using a Minolta CR-400 instrument) indicated that Ay21* NILs 3-1, 3-7, 3-9 and the recurrent 
parent Livingston produced a whiter flour and dough (a high L* value) when compared to the AyT1 
NILs. Other colour parameters (a* and b*) did not show any remarkable differences across the lines. 
No significant differences for falling number were observed between the two sets of NILs. However, a 
relatively higher falling number was recorded for the Ay21* introgression sister NIL 3-7 (Table 6.3). 
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Likewise, grain hardness and grain moisture were not significantly different between the two sets of 
NILs (Table 6.2). 
6.4.4 Rheological properties of flour and dough of NILs  
Farinograph results showed that the WA was higher in the 1Ay21* lines (60.23% for line 3-1, 59.93% 
for line 3-7, and 59.89% for line 3-9) compared to the 1AyT1 lines (58.92% for line 1-1, 58.43% for 
line 1-2 and 59.38% for line 1-3) (Table 6.4). Overall, the DDT value was similar in sets of 1Ay 
introgression lines with the exception of line1-3 carrying the 1AyT1 allele, where it increased 
significantly. Also, no significant differences were observed in dough breakdown (DB) and stability 
value between the two sets of lines. However, average extensibility increased in the 1AyT1 lines. Rmax 
was significantly increased in both 1Ay introgression line sets (Table 6.4), with the highest value 
obtained for line 1-3 (470.84 BU). .  
6.4.5 Effects of introgressed expressed Ay alleles on baking quality 
6.4.5.1 Straight dough: Long fermentation straight-dough test results showed that mixing time was 
remarkably reduced in both sets of lines compared to the recurrent parent Livingston, with a much 
higher reduction seen in the 1AyT1 lines, ranging from 165.00 to 182.88 sec, while in the 1Ay21* lines 
mixing times ranged from 194.99 to 207.39 sec, and 216.03 sec in the case of the recurrent parent 
Livingston. 
On the other hand, the bakery water-addition value was reduced in two of the three 1AyT1 NILs 
compared to Livingston. However, in all 1Ay21* lines this value was statistically the same as in 
Livingston. Thus, the bakery water-addition value overall higher in the 1Ay21* lines than in the 1AyT1 
lines. Similarly, bread volume was in general higher in the 1Ay21carrying lines than in the 1AyT1 lines 
(Table 5). It is worth mentioning that the 1AyT1 NILs showed a decreased bread volume compared to 
the recurrent parent, while the 1Ay21* NILs maintained a similar volume as Livingston. Bread texture, 
structure and colour did not show any significant variation across the lines and the recurrent parent.  
  
6.4.5.2 Rapid-dough test: Mixing time was significantly reduced in two of the three lines in each of the 
1Ay21* (lines 3-1 and 3-9) and 1AyT1 (lines 1-2 and 1-3) introgression compared to the recurrent parent 
Livingston (Table 6). This reduction was significantly large in the 1Ay21* lines. Although loaf volume 
(cc) increased in all lines, the results were statistically significant only for the 1Ay21* lines. Bread loaf 
volume (cc) ranged from 625 to 635cc in the 1AyT1 lines , and 640 to 665 cc in the 1Ay21* lines, while 
Livingston was 620cc. Furthermore, Bakery water addition was increased in all the 1Ay introgression 
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lines compared to the recurrent parent Livingston. The bread loaf volume score, external appearance 
score, crumb colour score, cell distribution score, cell structure score, and softness and resilience scores 
did not show any significant variation across the 1Ay introgression NILs (Table 6.6).  
Overall total loaf score (max=100) was evaluated in the 1Ay introgression NILs. The score for 
Livingston was 75.7 whereas the 1AyT1 lines had scores ranging from 77.7 to 79.7 and the 1Ay21* lines 
scored from 77.1 to  80.4 (Table 6.6). Thus, the 1Ay21* introgression lines possess better baking quality 
than the 1AyT1 NILs.  
6.5 Discussion 
This study investigated the allelic effects of expressed 1Ay alleles on the protein quality, dough 
rheological properties, and baking quality of introgression NILs carrying two such expressed alleles, 
namely Ay21* and AyT1, in the adapted genetic background Livingston. Several quality parameters 
were compared between the AyT1 and Ay21* NILs and the recurrent parent Livingston. Below, the 
major observed variations between the two sets of NILs carrying the two alleles in the same genetic 
background are discussed. 
Higher water absorption (WA) during dough mixing time is an important quality parameter for the 
baking industry, because higher WA is an indicator of better dough strength and also increases loaf 
volume and shelf life of bread. 
6.5.1 Differential influence on protein content and composition 
The current study found that two different Ay subunit alleles, namely Ay21* and AyT1, expressed in 
the same genetic background has different effects on grain protein characteristics. Integration of AyT1 
increased the total grain protein content while Ay21* NILs increased polymeric protein, especially 
UPP%, and the HMW/LMW-GS ratio (Table 6.1). UPP% (percentage of unextractable polymeric 
protein) in total polymeric protein is often used as a measure of the amount and size distribution of the 
polymeric protein that is responsible for dough elasticity (Gupta et el., 1992). Changes in the amount 
and size distribution of polymeric protein in mature grains leads to differences in breadmaking 
performance (Johansson et al., 2003). Thus, wheat with a higher UPP% is expected to have better dough 
elasticity (Gupta et al., 1993). 
Generally, it is well documented that higher protein content improves end-product quality. However, 
literature also shows that large polymeric protein regulates dough strength and end-product quality more 
strongly than the total protein content (MacRitchie et al., 2004; Shewry et al., 2003).  Vasil and co-
workers (2001) reported that integration of the high-molecular weight glutenin subunit 1Ax1 into a 
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commercial cultivar resulted in an increased proportion of extractable large glutenin polymers and 
increased dough strength, indicating that 1Ax1 is related to better breadmaking performance. 
Introgression of expressed 1Ay alleles altered the relative amount of HMW-GSs compared to the 
recurrent parents. However, the allelic variation of 1Ay did not show any significant differences. It is 
worth mentioning that the relative amount of expressed AyT1 HMW-GS in the grain was higher than 
that of Ay21* HMW-GS. 
6.5.2 Differential effects of two different, expressed Ay subunits on dough rheological properties 
This study investigated several parameters related to dough rheological properties, including water 
absorption, dough development time, dough breakdown (DB), dough stability, extensibility, and Rmax. 
No significant effects of the two introgressed allelic variants, Ay21* and AyT1, were detected for those 
parameters, except for water absorption (WA). On average, introgression of the Ay21* allele resulted 
in higher WA over allele AyT1. It is worth mentioning that compared to the recurrent parent Livingston, 
WA was lower in the AyT1 NILs, while in the Ay21* NILs WA was the same as in Livingston. WA is 
one of the most important quality attributes of wheat flour, as it is predictive of wheat flour quality. It 
is the amount of water needed to hydrate flour components to produce dough with optimal consistency 
(Bushuk et al., 2002). Usually, higher WA correlates positively with dough strength.  
Although there were no significant differences between the Ay21* and AyT1 NILs both groups showed 
an increase in Rmax over Livingston (Table 6.4). The expressed Ay alleles improved dough elasticity 
(Rmax value) by up to 24% in NIL 1-3 and up to 21% in NIL 3-9. Although not at a significant level, the 
AyT1 NILs had a higher Rmax and extensibility compared to the Ay21* NILs (Table 6.4). A good 
breadmaking flour requires a balanced gluten complex capable of producing an optimal level of 
viscoelastic matrix during dough formation. High resistance to extension (Rmax) and moderate 
extensibility are directly correlated to increased bread loaf volume during the baking process 
(MacRitchie, 1984). However, excessively high Rmax and higher extensibility make the dough too 
strong, requiring more energy for dough cell extension and ultimately reducing bread loaf volume and 
affecting bread texture and structure. For example, Roger and co-workers found that Glu-A1s (41+42) 
encoding subunits increase gluten strength more than Glu-A1r (39+40) subunits. However, there was 
no corresponding improvement in loaf volume or loaf score. The increase in Rmax and extensibility in 
the Ay21* and AyT1 introgression NILs, on the other hand, indicates that expression of the Ay subunits 
has a marked effect on those two dough rheological properties.  
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6.5.3 Differential influence of the expressed HMW-GS alleles Ay21* and AyT1 on baking quality 
Although various rheological tests can be used to investigate the potential of wheat flour for 
breadmaking, a baking test is still considered the final and most reliable test for evaluating end-product 
quality. Out of the 14 baking-related parameters studied here, bakery water addition, dough-mixing 
time and bread loaf volume were influenced by the allelic variation in the 1Ay HMW-GS locus. 
This study showed that Ay21* resulted in higher bakery water addition in general, compared to the AyT1 
allele. Two of the three AyT1 NILs had significantly lower value for this parameter compared to the 
recurrent parent Livingston, while for the three Ay21* NILs the values were the same and comparatively 
higher than the parent. Haraszi and co-workers (2004) reported that water absorption increased when 
protein content was increased by glutenin addition. Generally, a bread dough is made up with 40% 
water. Dough water help to give proper bread shape, structure, bread volume and long shelf-life. The 
amount of water needed to form the gluten and give the dough consistency depends on the quality of 
the flour and the kind of bread we want to make. During the baking process, heat is distributed 
throughout the bread by the water contained by the dough (http://www.classofoods.com/page1_ 
2.html). In this experiment straight and rapid-baking dough test results showed that bakery water 
addition increased significantly more in the Ay21* NILs than in the AyT1 NILs (Table 6.6).  
Dough mixing time is correlated with dough strength. Usually, strong and sticky dough requires higher 
mixing time. Generally, shorter mixing time is preferable in the baking industry.  In this study, the Ay 
introgression NILs showed remarkably reduced mixing time compared to the Livingston genetic 
background. Also, mixing time was shorter for the three AyT1 sister NILs compared with the Ay21* 
NILs (Table 6.5). 
The superior dough and breadmaking attributes ultimately need to be translated into end-product 
quality. Thus, the quality parameters of end-products, such as loaf volume and texture, are emphasized 
when determining the baking potential. These characteristics are directly regulated by a balanced dough 
strength and extensibility. Flour from Ay21* allele introgression NILs produced a superior bread 
volume than that of AyT1 introgression NILs.  
6.5.4 Influence of expressed HMW-GS Ay alleles on agronomic and grain physical properties 
The presence of expressed 1Ay HMW-GS alleles did not influence plant morphological and agronomic 
parameters. The only remarkable allelic difference observed was that the integration Ay21* NILs had 
on an average higher a grain number per spike compared to the AyT1 NILs. 
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As opposed to morphological and agronomic parameters, several grain physical properties were 
affected to different extents in the NILs carrying the expressed 1Ay HMW-GS alleles. For example, 
introgression of the Ay21* allele resulted in higher Bühler milling extraction as compared to AyT1. In 
addition, results showed that Ay21* NILs have comparatively lower flour ash content and higher 
Minolta L* values compared to the AyT1 NILs (Table 6.3). Usually, higher flour extraction rate is linked 
to higher protein content and water absorption (Orth et al.,1975). Also, flour ash was correlated with 
flour colour (whiteness of flour, L* value +92.5), with whiter flour linked to lower ash content (Oliver 
et al., 1993). The results presented in this chapter showed that the Ay21* introgression NILs have a 
higher Bühler milling and lower ash content, and produce comparatively whiter flour than the AyT1 
NILs (Table 6.3).   
In conclusion, this study showed that the Ay21* and AyT1 introgression NILs were superior in terms of 
breadmaking performance over the recurrent parent Livingston. The AyT1 NILs increased total protein, 
Rmax, and dough extensibility while reducing dough mixing time. On the other hand, the Ay21* HMW-
GS NILs increased UPP%, HMW/LMW ratio, Rmax, WA, bread loaf volume, and the overall loaf score. 
The Ay21* and AyT1 introgression NILs are expected to become useful as parent materials for breeding 
programs pursuing the improvement of baking quality of new wheat varieties. 
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Figure 6.1 MALDI-TOF MS TRACES of HMW-GS profiles of Ay introgression NILs and the 
recurrent parent Livingston.  
The numbers on the protein peaks indicate the molecular weight of the corresponding protein in Daltons. 
The figure shows that the molecular weight of the expressed AyT1 subunit is around 63.90 kDa and that 
of expressed Ay21* subunit around 61.00 kDa. 
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Figure 6. 2 Relative content of HMW-GSs of AyT1 introgression NILs (1-1, 1-2 & 1-3) and (AyT1 
introgression 3-1, 3-7 & 3-9) compared with the recurrent parent Livingston 
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Table 6. 1 Protein characteristics of AyT1 and Ay21* introgression NILs 1-1, 1-2 & 1-3 compared 
with recurrent parent Livingston 
Traits C422  Livingston NILs Livingston N11  Livingston NILs 
 
1-1( SE) 1-2( SE) 1-3( SE) ( SE) 3-1( SE) 3-7( SE) 3-9( SE) 
Grain Protein%  14.5b0.01 15.3ab0.01 15.9a0.02 14.5b0.05 14.6b0.01 14.8b0.01 14.4b0.09 
Flour protein% 13.5d0.02 14.1b0.00 15.2a0.02 13.4d0.01 13.5d0.02 13.8c0.05 12.9e0.04 
Glutenin% 42.2ab0.23 42.3ab0.22 40.4ab0.17 40.4ab0.04 43.7a0.04 41.6ab0.01 39.5b0.05 
Gliadin% 48.10.50 48.90.23 49.90.43 48.20.03 47.20.06 47.30.07 47.60.27 
Albumin/Globulin 9.240.03 8.800.04 9.720.5 11.40.3 10.10.02 11.10.05 12.40.08 
Glu/Gli%  0.870.01 0.860.00 0.810.22 0.830.00 0.930.01 0.880.01 0.830.01 
UPP% 38.90b0.04 42.10b0.03 28.20c0.05 39.85b0.03 39.10b0.02 39.37b0.03 45.55a0.01 
HMW/LMW 0.51d0.00 0.54d0.00 0.55d0.00 0.74b0.00 0.66c.00 0.78ab0.00 0.84a0.00 
Means with different letters are significantly different (ANOVA, p <.05) SE = Standard Error 
 
Table 6. 2 Morphological and agronomical characteristics of AyT1 and Ay21* introgression NILs 
1-1, 1-2 & 1-3) compared with recurrent parent Livingston 
 Means with different letters are significantly different (ANOVA, p <.05) SE = Standard Error 
 
  
Traits C422  Livingston NILs Livingston 
( SE) 
N11  Livingston NILs 
1-1( SE) 1-2( SE) 1-3( SE) 3-1( SE) 3-7( SE) 3-9( SE) 
Days to 
heading 
(days) 
188.110.43 190.010.61 189.020.85 193.501.25 193.030.56 194.011.23 192.070.12 
Spike 
length(cm) 
6.250.04 6.310.02 6.500.01 6.120.02 7.240.05 6.150.04 62.50.03 
Plant 
height 
(cm) 
102.611.34 103.421.09 97.700.89 98.520.35 98.341.01 97.620.04 98.610.06 
Tiller 
number 
3.500.00 3.500.00 3.150.01 3.000.02 3.000.01 3.500.01 3.000.00 
Grains per 
spike 
23.510.04 26.500.03 24.540.11 25.560.01 30.520.03 27.340.04 28.230.06 
TKW (g) 33.10ab0.05 32.22bc0.07 31.97c0.06 33.78a0.10 32.88ab0.01 32.09c0.03 32.82ab0.23 
Days to 
maturity 
(days) 
248.612.01 248.691.23 247.630.30 249.601.05 246.670.24 246.802.43 247.760.01 
Grain 
yield 
(kg/ha) 
4803.11 
63.01 
4627.54 
55.12 
4033.12 
36.41 
4750.34 
60.16 
4548.72 
23.1 
4491.21 
14.67 
4619.32 
24.1 
Test 
weight 
(kg/hl) 
83.81ab3.45 84.11a1.36 83.72ab1.43 83.34bc1.97 83.22bc0.85 82.81c2.45 84.02a0.18 
Grain 
hardness 
(PSI) 
14.15a0.05 14.16a0.06 12.80ab0.01 13.31ab0.02 11.10bc0.03 15.21a0.03 13.93a0.1 
Moisture 
(%) 
11.03b0.01 10.82c0.05 10.91c0.16 11.43a0.04 10.95c0.01 10.70c0.11 11.54a0.02 
109 
 
Table 6. 3 Physical flour and dough quality parameters of AyT1 and Ay21* introgression NILs 1-
1, 1-2 & 1-3 compared with the recurrent parent Livingston 
Traits C422 X Livingston NILs Livingston N11 X Livingston NILs 
1-1( SE) 1-2( SE) 1-3( SE) ( SE) 3-1( SE) 3-7( SE) 3-9( SE) 
Falling number 
(sec) 
444.74 a 
8.12 
439.85 a 
2.01 
425.5 a 
1.12 
411.98 a 
2.23 
434.11 a 
3.56 
481.17 a 
3.42 
430.56 a 
1.01 
Bühler milling 
(%)  
76.30c1.23 76.09c0.96 76.62c0.98 78.09ab0.55 77.14b.79 77.48ab1.33 77.80ab1.01 
Flour ash (%) 0.49a0.01 0.48ab0.00 0.49a0.01 0.48ab0.00 0.45bc0.00 0.47ab0.00 0.48ab0.00 
Flour 
colour 
Minolta 
CR-400 
L* 89.96b1.09 89.81b0.98 89.96b0.67 90.19a1.45 90.13a0.98 90.08a1.01 90.06a1.05 
a* 0.14bc0.00 0.18ab0.00 0.21a0.00 0.09c0.00 0.11c0.00 0.09c0.00 0.13bc0.00 
b* 9.31 a 0.01 9.18 a 0.01 9.03 a 0.01 9.18 a 0.05 9.27 a 0.02 9.46 a 0.04 9.34 a 0.01 
Flour 
paste 
Minolta 
CR-400 
L* 73.28a 
1.02 
71.88a 
0.89 
73.18a 
0.77 
71.75a 
0.1.08 
72.33 a 1.04 71.89a 1.45 72.24 a 1.67 
a* 0.04 a 0.00 0.05 a 0.00 0.07 a 0.00 0.08 a 0.00 0.01 a 0.00 0.01 a 0.00 0.02 a 000 
b* 7.54 a 0.01 7.84 a 0.00 7.46 a 0.01 7.56 a 0.01 7.25 a 0.02 7.8 a 0.01 7.89 a 0.1 
Means with different letters are significantly different (ANOVA, p <.05) SE = Standard Error 
 
Table 6.4 Rheological properties of AyT1 and Ay21* introgression NILs 1-1, 1-2 & 1-3 compared 
with recurrent parent Livingston 
Traits C422  Livingston NILs Livingston N11  Livingston NILs 
1-1( SE) 1-2( SE) 1-3( SE) 3-1 
( SE) 
3-7 
( SE) 
3-9 
( SE) 
Farino-
graph 
WA (%) 58.92ab 
0.27 
58.43b 
0.05 
59.38ab 
0.09 
59.77a 
0.19 
60.23a 
0.06 
59.93a 
0.07 
59.89a 
0.05 
DDT 
(min) 
5.61b 
0.01 
6.68b 
0.01 
10.19a 
0.01 
7.04ab 
0.03 
8.05ab 
001 
6.17b 
0.02 
5.37b 
0.01 
DB (BU) 23.63a 
0.02 
18.99a 
0.07 
16.15a 
0.04 
18.06 a  
0.12 
16.99a 
0.05 
19.97a 
0.45 
26.7a 
0.12 
Stability 
(min) 
11.81a 
0.03 
13.41a 
0.02 
14.75a 
0.01 
12.62 a  
0.03 
12.73a 
0.05 
13.84a 
0.01 
12.16a 
0.01 
Extenso-
graph 
Ext. 
(min) 
23.59a 
0.19 
26.64a 
0.06 
25.8a  
0.21 
24.83 a  
0.11 
22.59a 
0.21 
24.42a 
0.12 
23.59a 
0.11 
Rmax 
(BU) 
404.33ab 
1.02 
430.60ab 
5.06 
470.84a 
1.04 
378.38b 
2.01 
437.19ab
1.96 
429.69ab 
0.97 
458.66ab 
2.84 
Means with different letters are significantly different (ANOVA, p <.05) SE = Standard Error   
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Table 6. 5 Bread quality of AyT1 and Ay21* introgression NILs 1-1, 1-2 & 1-3 compared with 
recurrent parent Livingston following the straight-dough protocol 
Traits C422 X Livingston NILs Livingston N11 X Livingston NILs 
1-1( SE) 1-2( SE) 1-3( SE) ( SE) 3-1( SE) 3-7( SE) 3-9( SE) 
Bakery water 
addition (%) 
53.80b0.05 53.72b0.02 55.71a0.03 55.40a0.42 55.56a0.06 55.00a0.32 55.11a0.23 
Mix Time 
(secs) 
165.00c3.45 182.88c2.12 172.03c1.93 216.03a1.11 194.99b1.01 195.92b0.32 207.39ab 
0.99 
Volume (cc) 921.96b2.03 910.98b3.03 876.51c2.88 961.66ab5.30 982.00a2.45 964.11ab0.88 923.65b 
0.96 
Texture (/10) 6.85 a 0.01 6.87 a 0.01 6.61 a 0.00 7 a 0.00 7 a 0.00 7.2 a 0.00 7.32 a 0.00 
Structure 
(/10) 
6.66 a 0.00 7.29 a 0.00 6.67 a 0.00 7 a 0.00 6.02 a 0.00 7.32 a 0.00 7 a 00 
Crumb L* 81.91 a 0.00 82.4 a 0.01 84.49 a 0.08 82.28 a 0.11 83.32 a 0.11 82.71 a 0.15 83.22a 0.11 
Crumb a* -0.63 a 0.00 -0.48 a 0.00 -0.4 a 0.00 -0.43 a 0.00 -0.67 a 0.00 -0.5 a 0.00 -0.41a 0.00 
Crumb b* 15.45 a 0.01 15.85 a 0.07 15.6 a 0.01 15.89 a 0.01 15.97 a 0.06 15.98 a 0.06 15.04 a 0.02 
Means with different letters are significantly different (ANOVA, p <0.05) SE = Standard Error 
 
Table 6. 6 Bread quality of AyT1 and Ay21* introgression NILs 1-1, 1-2 & 1-3 compared with 
recurrent parent Livingston following the rapid-dough protocol 
Traits C422  Livingston NILs Livingston N11  Livingston NILs 
1-1( SE) 1-2( SE) 1-3( SE) ( SE) 3-1( SE) 3-7( SE) 3-9( SE) 
Mixing time 
(sec) 
240a2.00 225a5.05 225a3.25 240a5.00 210c2.05 240a0.01 210c1.01 
Bakery water 
addition (%) 
54ab0.01 53.8b0.09 55.3a0.15 53.2b0.16 55.5a0.14 55a0.04 55.1a0.16 
Bread loaf 
volume (cc) 
625b5.06 630b2.01 635ab3.02 620b2.01 640ab1.01 648ab1.02 665a1.34 
Oven spring 
score (15) 
5.7b0.00 4.7b0.00 5.7b0.00 4.3b0.00 5.1b0.00 8.4a0.01 8.1a0.00 
Loaf volume 
score (30) 
30 a 0.01 30 a 0.00 30 a 0.00 29. a 30.00 30 a 0.00 30 a 0.01 30 a 0.00 
External 
appearance 
score (15) 
12 a 0.00 12 a 0.00 12 a 0.00 11 a 0.00 12 a 0.00 12 a 0.00 12 a 0.00 
Crumb colour 
score (10) 
7 a 0.00 7 a 0.00 7 a 0.00 7 a 0.00 7 a 0.00 7 a 0.00 7 a 0.00 
Cell distribution 
score (10) 
6 a 0.00 8 a 0.00 8 a 0.00 8 a 0.00 8 a 0.00 8 a 0.00 8 a 0.00 
Cell structure 
score (10) 
8 a 0.00 8 a 0.00 8 a 0.00 10 a 0.00 8 a 0.00 8 a 0.00 8 a 0.00 
Softness resil- 
ience score (10)  
9 a 0.00 10 a 0.00 9 a 0.00 6 a 0.00 8 a 0.00 9 a 0.00 8 a 0.00 
L* 82.56a 
9.00 
82.18 a 3.07 82.94a 
2.03 
82.7 a 1.01 82.69a 
1.01 
83.12a 
1.01 
82.89a 
2.01 
a* -0.40a 
0.00 
-0.35 a 0.00 -0.43a 
0.00 
-0.38 a 0.00 -0.45a 
0.00 
-0.47a 
0.00 
-0.46a 
0.00 
b* 17.1a 0.00 17.38 a 0.01 16.68a 
0.05 
17.15 a 0.05 17.01a 
0.05 
16.88a 
0.01 
16.97a 
0.16 
Total loaf score 
(100) 
77.7a 1.00 79.7 a 1.02 79.7a 0.87 75.7 a 0.08 78.1a 0.08 80.4a 
1.01 
77.1 a 1.33 
Means with different letters are significantly different (ANOVA, p <.05) SE = Standard Error 
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Chapter 7 
Cloning and characterisation of the expressed 1Ay HMW glutenin subunit 
allele AyT2 from durum wheat and its introgression into Australian wheat 
cultivars  
7.1 Abstract 
The 1Ay HMW-GS is usually silenced in hexaploid bread wheat. AyT2, an expressed 1Ay HMW-GS 
allele was identified in durum wheat (Tritium turgidum L. subsp. durum (Desf.) Husn.) line TTD 201. 
In this study, the novelty of the AyT2 allele over the previously reported expressed 1Ay HMW-GS genes 
has been confirmed by gene sequencing and MALDI-TOF MS protein profiling. The active AyT2 allele 
was introgressed into three Australian bread wheat cultivars through a conventional crossing scheme 
and AyT2 NILs were developed by backcrossing and selfing. The open reading frame of AyT2 is 1830 bp 
long and encodes a 608-residue polypeptide, as demonstrated by heterologous expression in E. coli. 
Preliminary results indicated that the active AyT2 HMW-GS was able to markedly increase UPP% and 
TKW. However, grain protein content and dry glutenin remained as in the recurrent parents. AyT2 has 
potential as a wheat breeding target to improve the baking quality. 
7.2 Introduction 
The HMW-GS proteins in wheat grain endosperm are essential determinants of breadmaking 
performance (Payne et al., 1987). They are encoded by the Glu-1 loci located on the long arms of 
chromosomes 1A and 1B in durum wheat and 1A, 1B, and 1D in hexaploid or bread wheat. Each Glu-1 
locus contains two closely linked genes identified as x and y-type subunits based on their relative 
mobility in SDS-PAGE. The x-type is slow moving and y-type fast moving (Jiang et al., 2009a). The 
y-type gene at the Glu-A1 locus is silent most bread wheat current varieties due to the presence of a stop 
codon in the coding sequence (Hu et al., 2012). Breadmaking quality is largely determined by the 
HMW-GSs. Although HMW-GS (Ax, Ay, Bx, By, Dx and Dy) account for 10% of the total endosperm 
protein, they have a major influence on dough quality ( Bushuk et al., 1988). Extensive investigations 
have shown that there is considerable diversity at the Glu-1 loci, especially in various species related to 
bread wheat. The basic molecular structure of the HMW-GSs comprises three distinct domains: a 
central large repetitive domain flanked by short N- and C-terminal non-repetitive domains (Shewry et 
al., 1997). The size difference between subunits results mainly from variations in the repetitive domain 
(Payne et al., 1988).  
For each of the HMW-GSs, several alleles have been identified, with many studies demonstrating that 
specific allelic combination, such as 1Dx5+1Dy10, 1Bx17+1By18, 1Ax1, are related to good 
breadmaking performance. This knowledge has been successfully exploited in breeding for wheat 
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quality improvement (Peng et al., 2015). However, the number of superior alleles available for breeding 
are still limited. Therefore, searching, cloning and characterising new alleles is an important activity to 
further wheat quality improvement through genetic transformation.  
It has been reported that active an Ay HMW-GS can improve protein quantity and quality in hexaploid 
wheat (Rogers et al., 1997;  Wang et al., 2018). Like for other HMW-GS encoding genes, allelic 
variation has been observed for 1Glu-Ay. Active Glu-1Ay genes have been isolated from various 
Triticum sources, such as T. urartu (AA, 2n = 2x = 14), T. monococcum ssp. aegilopoides (AA, 2n = 
2x = 14) , cultivated emmer wheat (T. turgidum ssp. dicoccum) (AABB, 2n= 4x =28) , and wild emmer 
wheat (T. turgidum ssp. dicoccoides) (AABB, 2n = 4x = 28) (Jiang et al., 2009b), with each 1Ay allele 
showing unique effects on protein and dough quality.  
Apart from the two active Ay subunit genes encoding two HMW-GSs with molecular weights of 
63,550 Da and 61,000 Da and which were described in earlier chapters of this thesis, a novel expressed 
1Ay HMW-GS gene from the Tritium turgidum ssp dicoccum emmer wheat line TTD 201, from Israel, 
identified as AyT2, was introgressed into adapted backgrounds and characterised in this study. Emmer 
wheat, a tetraploid progenitor of common wheat, has a wide range of genotypic variation in agronomic 
traits, such as yield, grain protein quality and quantity, and resistance to biotic and abiotic stresses 
(Margiotta et al., 1996; Rogers et al., 1997). Many important traits, such as grain protein content, TKW 
and disease resistance have been introduced from emmer (AABB) into cultivated bread wheat 
(AABBDD). This study describes the introduction and characterisation of the novel 1AyT2 HMW-GS 
allele into Australian bread wheat cultivars through a backcrossing and selfing scheme. The effects of 
the AyT2 subunit were evaluated in the AyT2 introgression NILs and compared with their corresponding 
recurrent parents. 
7.3 Materials and Methods 
7.3.1 Characterization of the complete ORFs of 1AyT2 from tetraploid wheat line TTD201 
The CTAB method was used to extract genomic DNA from two-week-old single plant leaves of 
tetraploid wheat line TTD 201 (Khan et al., 2004). The complete coding sequence of 1Ay gene was 
amplified by PCR using primers, P1(5'ATGGCTAAGCGGCTAGTCCTCTTTG-3') and P2 
(5'CTATCACTGGCTAGCCGACAATGCG-3') (Jiang et al., 2009a), which were designed according 
to the conserved nucleotide sequences conserved at the 5' or 3' ends of the ORFs of the already known 
HMW-GSs (Jiang et al., 2009a). PCR amplification was conducted using a green mix (GoTaq green 
master mix, containing Taq DNA polymerase, dNTPs, MgCl2, and reaction buffer). PCR was carried 
out in a 50 µL reaction volume. The PCR cycling parameters were: one denaturing step at 94°C for 
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5 min,  followed by 30 cycles at 94°C for 40 sec and 68°C for 5 min, and a final extension step at 
68°C for 15 min. 
The amplified PCR products were purified by 10% agarose gel electrophoresis. Ethidium bromide was 
used for staining of the DNA. The amplified products of the expected size were recovered. Purified 
DNA was ligated into a pMD19-T vector (Takara, Dalian, China), and the ligation mixtures were 
transformed into E. coli DH10B competent cells, and the purified plasmids used to sequence the 
amplified nucleotide.  
The cloned 1Ay sequence was re-amplified using the primer pair: 
(5’-ACCCATATGGAAGGTGAGACCTCTAAGC-3’) and  
(5’-TTCCTCGAGCTATCACTGGCTAGCCGAC-3’)  
which allow to remove the signal peptide and add Nde I and Xho I restriction sites to the amplified 
fragment, which was then inserted into expression vector pGET-30a (Invitrogen, Waltham, USA) and 
transformed into E. coli cells. The recombinant cells were cultured at 37°C in a medium containing 25 
g/mL kanamycin and 34 g/mL chloromycetin and the plasmid purified for sequencing. The full-length 
sequence of AyT2 was obtained by the primer walking. Silent Ay allele ORFs were obtained using the 
ORF Finder program (www.ncbi.nlm.nih.gov/orffinder). The Ay21*(Ay N11) and AyT1 (Ay C422) 
sequences were obtained from Yu et al., (2019). The DNA sequence and amino acid was aligned 
using the online tool ‘Clustal Omega’ of EMBL-EBI (http://www.ebi.ac.uk/Tools/msa/clustalo/). 
7.3.2. Phylogenetic tree construction 
A phylogenetic tree was constructed for the AyT2 allele using 31 genes obtained from the NCBI 
database (http://www.ncbi.nlm.nih.gov/). The AyN11 and Ayc422 sequences were obtained from the work 
by Yu and co-workers (2019). The Clustal Omega program in MEGA7.0 was used to align the gene 
sequences and the maximum-likelihood method was used to construct the phylogenetic tree. The 
Bootstrap values were obtained from 1000 replications. The software DnaSP (DNA Sequence 
Polymorphism Version 6.12.01) was used to calculate the Ka/Ks value to estimate the divergence times 
among Glu1Ay genes of other monocots species. 
7.3.3 MALDI-TOF MS analysis 
MALDI-TOF MS was used to detect the 1Ay subunits as described in Chapter 3. 
7.3.4 Introgression of the AyT2 (68.5 kDa) subunit into Australian wheat cultivars 
Three Australian cultivars (Livingston, Kukri and Yitpi) and the Ay subunit donor durum wheat line 
TTD 201 were planted in the Murdoch university glasshouse in 2014. The F1 plants resulting from 
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reciprocal crosses were backcrossed to the corresponding Australian cultivars to obtain the BC1F1 
generation. This backcross was repeated three times followed by three rounds of selfing to obtain BC4F4 
NILs. MALDI-TOF-MS was used to screen the target subunit at each generation. Six AyT2 
introgression NILs were obtained, as described below: 
Table 7. 1 AyT2 introgression  lines and cross descriptions 
NILs Cross Sister lines Australian parents 
25 Yitpi   TTD 201 25.1, 25.2, 25.3 Yitpi (female) 
26 TTD 201  Yitpi 26.1, 26.2, 26.3 Yitpi (male) 
27 Livingston  TTD 201 27.1, 27.2, 27.3 Livingston (female) 
28 TTD 201  Livingston 28.1, 28.2, 28.3 Livingston (male) 
29 Kukri  TTD 201 29.1, 29.2, 29.3 Kukri (female) 
30 TTD 201  Kukri 30.1, 30.2, 30.3 Kukri (male) 
Three sister line from each NIL and parental cultivar were selected at the BC4F3 generation for protein 
and grain quality testing. The flowering time was recorded when anthers were visible in the plants. Five 
random plants were selected to measure plant height, spike length, tiller number, and grains per spike.  
7.3.5 Grain and protein quality measurements 
Grain was collected from the mature wheat plants to determine the grain characteristics and protein 
quality at the BC4F3 generation.  Grain protein content was measured at 14% moisture. Grain protein, 
falling number, and wet gluten content were determined using an Infratec 1241 Grain Analyzer (FOSS 
A/S, Hillerød, Denmark) following the methods given by Pettersson et al., (2007)). RP-HPLC and SE-
HPLC were used to measure the HMW glutenin protein composition, HMW/LMW ratio, glutenin 
/gliadin ratio, and unextractable polymeric protein content (UPP%). HPLC methodology used is 
described in Chapter 3. Kernel length, width, thickness and 1000-kernel weight (TKW) were recorded 
for 100 random kernels from each line using seed counter software. 
7.3.6 Statistical Analysis 
Data were subjected to analysis of variance (ANOVA) for each character using IBM-SPSS (version 
24.1) software. The significance of variance of the different parameters was determined at the P=.05 
significance level. 
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7.4 Results  
7.4.1 Identification of the AyT2 subunit  
The HMW-GS composition of seed from TTD 201 durum plants was analysed by MALDI-TOF MS 
(Figure 7.1). MALDI-TOF MS confirmed the molecular weight of 68.5 kDa. In Chapter 6 of this thesis 
it was shown that the other two expressed Ay subunits, Ay21* and AyT1, had molecular weights of 
61.15 and 64 kDa, respectively. The results of the MALDI-TOF MS analysis also showed that in 
comparison with Australian wheat cultivars Yitpi, Livingston and Kukri, which contain inactive 1Ay 
alleles, the NILs generated in this study all expressed the AyT2 subunit (68.5 kDa) (Figure 7.5) . 
7.4.2 Molecular characterization of AyT2 gene  
The 1AyT2 gene was amplified from TTD 201 leaf material using previously reported primers for 
expressed Ay genes (Figure 7.2). The gene was sequenced using the Sanger sequencing approach 
(Schuster, S.C 2007)). The AyT2 gene had a length  of 1830 bp (supplementary figure 7.8). The 
amplified PCR products were cloned into the pGEM-T vector. The deduced amino acid sequence of the 
Glu-1AyT2 gene showed a similar typical primary structure as other Glu-1Ay subunits, with the typical 
molecular mass variation caused by diﬀerences in their repetitive domain lengths (supplementary Figure 
7.8). The amino acid sequence of each subunit started with a signal peptide of 21 amino acid residues, 
a conserved N-terminal domain with 104 amino acid residues, and a C-terminal domain of 42 amino 
acid residues. The central repetitive domain of Glu-1AyT2 comprised 441 amino acid residues. AyT2 
possesses five cysteine residues at the N-terminus and one at the C-terminus. No cysteine residue was 
found in the repetitive domain. There was no cysteine residue present in repetitive region. The repetitive 
region of the Glu1AyT2 consisted of tandem and interspersed repeats of three nonapeptide motif 
(consensus GYYPTSLQQ), 17 hexapeptide motifs (consensus PGQGQQ) and 29 tripeptide motifs 
(consensus GQQ) (Figure 8.3). The amino acid sequence of 1AyT2 was compared with the other six 
Glu-1Ay subunits from Triticum aestivum, T. monococcum L. and T. turgidum L. [Ayc422 (AyT1), AyN11 
(Ay21*), EU984511.1 (Ay/Td), XO3042.2 (Ay), MF56448.1 (AyIW129), KC545952 (TaAy7-40)] 
(Figure 8.4). The amino acid sequence of Glu-1AyT2 showed greatest similarity to the Glu-1Ay subunit 
from T. turgidum. Twenty amino acid differences were found between AyT2 and Ay21*. Further 
differences were an 11 and a 6-amino acid addition found in AyT2 at positions 258-263 and 258-263.  
Nine amino acid differences were found between the AyT2 and AyT1 subunits. AyT2 has a six-amino 
acid addition compared to the silent Ay gene at position 482-487. 
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7.4.3 Introgression of the AyT2 subunit into Australian wheat cultivars 
The AyT2 gene was introgressed into three Australian wheat cultivars (Livingston, Yitpi and Kukri) 
using a conventional crossing and backcrossing scheme to generate NILs.  
Six combinations of AyT2 introgression NILs were developed up to the BC4F3 generation after 
reciprocal crossing and backcrossing to the acceptor parents. MALDI-TOF MS profiling of the HMW 
glutenin subunits of BC4F3 seed confirmed the presence of the expressed AyT2 (Figure 7.5). The AyT2 
NILs have six expressed glutenin subunits, including AyT2 (Table 7.5). 
7.4.4 Protein quality and agronomical characteristics of NILs carrying the AyT2 HMW-GS 
Protein content and composition and other seed quality parameters were analysed in the Ay introgression 
NILs and compared with their corresponding recurrent parents. Also, plant agronomic characters were 
evaluated to determine any adverse effect stemming from the introgression and expression of the 
additional Ay subunit. The results showed that the UPP % (Table 7.2), TKW (Table 7.3 and Figure 7.7), 
grain numbers per plant and yield per plant (Table 7.4) were significantly increased (P=.05) in all AyT2 
introgression NILs compared to their recurrent parents. At the same time AyT2 HMW glutenin subunit 
significantly altered the other subunits compositions (Figure 7.7). Protein%, , falling number, and the 
HMW/LMW and Glu/Gli ratios were mostly positively altered due to the presence of the expressed 
AyT2 HMW glutenin subunit. Most agronomic attributes, including flowering time, maturity, plant 
height, spike length, grain number per spike, and tiller number were not significant affected compared 
to the recurrent parents (Table 7.4). 
7.5 Discussion 
7.5.1 Identification of a novel expressed 1Ay HMW-GS allele has great potential to improve 
protein quality of bread wheat  
The number of active alleles at the Glu-A1 locus in bread wheat are limited because the silenced versions 
of 1Ay have been widely used in breeding (Margiotta et al., 1996; Wang et al., 2018). Although several 
active alleles of 1Ay have been isolated and characterised from wild relatives of wheat, the utilisation 
of these genes to improve wheat quality has not been actively pursued. The expressed 1Ay HMW 
subunit in two Swedish bread wheat lines increased breadmaking performance compared to subunit 1 
or 2* and had an even higher correlation with Zeleny volume than with the subunits 5+10 ( Margiotta 
et al.,1996). Interspecific hybridization involving hexaploid-by-tetraploid crosses has demonstrated that 
the resultant progeny have significantly improved grain weight, grain diameter, and grain yield.  Several 
studies found that the introgression of the wild emmer 1A locus into durum or common wheat had a 
positive effect on gluten properties, improved protein, flour and dough quality (Samy Gobaa et al., 
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2006). The gluten polymers, linked by interchain hydrogen bonds between the repetitive domains of 
the glutenin subunits, formed more stable interactions with longer subunits. The positive relationship 
between the length of HMW-GSs and their effect on dough strength has been reported earlier (Jiang et 
al., 2009a). In this study, it is shown that AyT2 (68.5 kDa) has a higher molecular weight than other 
expressed Ay subunits (Ay21* = 61 kDa and AyT1 = 63 kDa). The AyT2 introgression NILs have the 
potential to become important Ay allele sources in wheat breeding programs aiming at improving 
protein quality and increasing yield concurrently. Transfer of the Ay alleles from the NILs will be 
facilitated by the fact that they are now in an adapted genetic background. In this study. the AyT2 allele 
was introgressed by conventional breeding. The genetic enhancement of wheat cultivars by 
chromosome engineering is more complicated than by using conventional crosses between cultivars of 
the same species. The original yield potential of the parents is recovered by subsequent genetic 
manipulation and a few generation of selfing to obtain homozygous lines. This study found that NILs 
that the presence of the expressed AyT2 HMW-GS significantly increased UPP%, TKW and grains per 
plant and yield per plant (Table 7.4). 
7.5.2 Gene and protein characterisation confirmed that the AyT2 subunit is different from the 
other two alleles studied in this thesis and hence novel 
Modern wheat evolved through hybridization and diploidization of Triticum urartu (AA) and Aegilops 
speltoides (SS) to form the allotetraploid emmer (T. turgidum ssp. dicoccum, AABB), followed by a 
second hybridization between emmer and Aegilops tauschii (DD), about 8000–10,000 years ago 
(Dvora´k et al., 1990; Blake et al. 1999; Petersen et al. 2006). The 1Ay genes came from T. urartu, 
T. turgidum dicoccon and T. aestivum.  
High-fidelity polymerase was used in genomic PCR to ensure that the amplified fragments were an 
accurate representation of the genes of interest. Allele variability was observed among the Ay subunits 
from different sources. 1Ay subunits differ from each other by substitutions, insertions, and deletions 
involving single or more amino acid residues. The HMW-GS 1Ay subunits are exclusive because they 
are always silent in hexaploid wheat, when compared to other y-type subunits on 1By and 1Dy. The 
silenced genes of 1Ay (Tues), 1Ay (Ta-s), 1Ay (Td-s) and 1Ay (Cheyenne), showed that in-frame 
premature stop codons disrupted their translation (Jiang et al., 2009a). The repetitive domains of 1Ay 
subunits possess the highest variability, whereas the N- and C-terminal domains are relatively 
conserved. Bai and co-workers (2004) reported that the promoter region of the silenced and expressed 
Ay genes is almost identical. In this study, the expressed AyT2 subunit sequence showed amino acid 
sequence differences compared with other expressed and silent Ay sequences (Figure 7.3).  The close 
relationship among 1Ay from T. urartu, T. turgidum, T. dicoccon, and T. aestivum,  and also the Ax, Bx 
Dx, By and Dy alleles is supported by phylogenetic analysis and amino acid sequence alignment.  1Ay 
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genes from T. monococcum are distantly related to those of T. turgidum and T. aestivum (Figure 7.4). 
The AyT2 gene is closely related to the Ay gene from T. turgidum.  
7.5.3 This study demonstrated that the AyT2 subunit is transferrable to bread wheat without 
causing adverse effects and that is has potential to improve protein quality in the grain  
Wild emmer wheat has been an excellent source of a considerable number of HMW-GS proteins, and 
now the expressed 1Ay alleles from an emmer wheat can be used as a source to further improve flour 
quality of bread wheat for the bakery industry. 
One of this study’s findings is that BC4F3 generation NILs carrying the expressed AyT2 allele have 
similar morphological characteristics to the recurrent adapted parents but with improved protein quality 
and seed size.  The expressed AyT2 contributed to an increase of UPP% by up to 75% in line 26.1, 140% 
in line 27.1 and 109% in line 30.3 in Yitpi, Livingston and Kukri genetic background, respectively 
(Table 7.2). Seed size (Figure 7. 2) and seed weight also increased in AyT2 introgression NILs, which 
once again shows that different glutenin subunit alleles can have different effects on protein quality and 
quantity. The novel AyT2 allele has the potential to improved baking quality, which remains to be 
confirmed. 
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Figure 7. 1 MALDI-TOF protein traces used to confirm the presence of expressed subunits in 
wheat lines TTD-201 (AyT2), C422 (AyT1) and N11(Ay21*). 
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Figure7.2: PCR amplification using the Ay-specific primers to amplify the complete coding region 
of AyT1, Ay21* and AyT2 
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1Ay/Td        MAKRLVLFATVVIGLVALTVAEGEASRQLQCERELQESSLEACRLVVDQQLAGRLPWSTG 60 
1Ay21*        MAKRLVLFATVVIGLVALTVAEGEASRQLQCERELQESSLEACRLVVDQQLAGRLPWSTG 60 
1Ay           MAKRLVLFATVVIGLVSLTVAEGEASKQLQCERELQESSLEACRLVVDQQLASRLPWSTG 60 
1AyT2         MAKRLVLFATVVIGLVSLTVAEGEASRQLQCERELQESSLEACRLVVDQQLAGRLPWSTG 60 
1AyT1         MAKRLVLFATVVIGLVSLTVAEGETSKQLQCERELQESSLEACRLVVDQQLAGRLPWSTG 60 
1AyIW129      MAKRLVLFATVVIGLVSLTVAEGETSKQLQCERELQESSLEACRLVVDQQLAGRLPWSTG 60 
TaAy7-40      MAKRLVLFATVVIGLVSLAVAEGETSKQLQCERELQESSLEACRLVVDQQLAGRLPWSTG 60 
              ****************:*:*****:*:*************************.******* 
 
1Ay/Td        LQMRCCQQLRDISAKCRPVAVSQVARQYGQTAVPPKGGSFYPRETTPLQQLQQGIFGGTS 120 
1Ay21*        LQMRCCQQLRDISAKCRPVAVSQVARQYGQTAVPPKGGSFYPRETTPLQQLQQGIFGGTS 120 
1Ay           LQMRCCQQLRDISAKCRPVALSQVARQYGQTAVPPKGGPFYHRETTPLQQLQQGIFGGTS 120 
1AyT2         LQMRCCQQLRDISAKCRPVALSQVARQYGQTAVPPKGGSFYHRETTPLQQLQQGIFGGTS 120 
1AyT1         LQMRCCQQLRDISAKCRPVALSQVARQYGQTAVPPKGGSFYHRETTPLQQLQQGIFGGTS 120 
1AyIW129      LQMRCCQQLRDISAKCRPVALSQVARQYGQTAVPPKGGSFYHRETTPLQQLQQGIFGGTS 120 
TaAy7-40      LQMRCCQQLRDISAKCRPVAHSQVARQHGQTAVPPKGGSFYHRETTPLQQLQQGIFGGTS 120 
              ******************** ******:********** ** ****************** 
 
1Ay/Td        SQTVQGYYPSVISPQQGSYYPGQASPQQPGKWQELGQGQQGYYPTSLQQPGQGQQ----- 175 
1Ay21*        SQTVQGYYPSVISPQQGSYYPGQASPQQPGKWKELGQGQQGYYPTSLQQPGQG------- 173 
1Ay           SQTVQGYYPSVISPQQGSYYPGQASPQQPGKWQELGQGQQWYYPTSLQQPGQGQQGYYRT 180 
1AyT2         SQTVQGYYPSVISPQQGSYYPGQASPQQPGKWQELGQGQQWYYPTSLQQPGQGQQGYYRT 180 
1AyT1         SQTVQGYYPSVISPQQGSYYPGQASPQQPGKWQELGQGQQWYYPTSLQKPGQGQQGYYRT 180 
1AyIW129      SQTVQGYYPSVISPQQGSYYPGQASPQQPGKWQELGQGQQWYYPTSLQKPGQGQQGYYRT 180 
TaAy7-40      SQTVQGYYPSVISPQQGSYYPGQASLQQPGKWQELGQGQQWYYPTSLQKPGQGQQGYYRT 180 
              ************************* ******:******* *******:****        
 
1Ay/Td        ----------GYYRTSLQQPGQGQQIGQWQQGYYPTSPQHPGQGQQPGQVQKIGQGQQPE 225 
1Ay21*        --------QQGYYRTSLQQPGQGQQIGQWQQGYYPTSLQHPGQGQQPGQVQKIGQGQQSE 225 
1Ay           SLQQPGQRQQGYYRTSLQQPGQGQQIGQWQQGYYPTSPQHPGQGQQPGQVQKIGQGQQPE 240 
1AyT2         SLQQPGQRQQGYYRTSLQQPGQGQQIGQWQQGYYPTSPQHPGQGQQPGQVQKIGQGQQPE 240 
1AyT1         SLQQPGQRQQGYYRTSLQQPGQGQQIGQWQQGYYPTSPQHPGQGQQPGQVQKIGQGQQPE 240 
1AyIW129      SLQQPGQRQQGYYRTSLQQPGQGQQIGQWQQGYYPTSPQHPGQGQQPGQVQKIGQGQQPE 240 
TaAy7-40      SLQQPGQRQQGYYRTSLQQPGQGQQIGQWQQGYYPTSPQHPGQGQQPGQVQKIGQGQQPE 240 
                        *************************** ******************** * 
 
1Ay/Td        KGQQLGQEQQIGQGQQP------GQGQQPGQGQQGYYPTSLXQPRQGQQPGQWQQPGQGQ 279 
1Ay21*        KGQQLGQEQQIGQGQQPE------QGQQPGQGQQGYYPTSLQQPGQGQQPGQWQQAGQGQ 279 
1Ay           KGQQLGQEQQIGQGQQPEQGQQPGQGQQPGQGQQGYYPTSLQQPGQGQQPGQWQQPGQGQ 300 
1AyT2         KGQQLGQEQQIGQGQQPEQGQQPGQGQQPGQGQQGYYPTSLQQPGQGQQPGQWQQPGQGQ 300 
1AyT1         KGQQLGQEQQIGQGQQPEQGQQPGQGQQPGQGQQGYYPTSLQQPGQGQQPGQWQQPVQGQ 300 
1AyIW129      KGQQLGQEQQIGQGQQPEQGQQPGQGQQPGQGQQGYYPTSLQQPGQGQQPGQWQQPVQGQ 300 
TaAy7-40      KGQQLGQEQQIGQGQQPEQGQQPGQGQQPGQGQQGYYPTSLQQPGQGQQPGQWQQPVQGQ 300 
              *****************       ***************** ** **********  *** 
 
1Ay/Td        QGYYPTSLQQPGQGQQGHYPASQHQPGQGQQGHHPASLQQSGQGQQEHHSPSLQQPGQGK 339 
1Ay21*        QGYYPTSLQQSGQGQQGHYPASQHQPGQGQQGHHPASLQQSGQGQQGHHPASLQQPGQGK 339 
1Ay           QGYYPTSLQQPVQGQQGHYPASQHQPGQGQQGHQPASLQ*SGQGQQGHHPASLQQPGQGK 359 
1AyT2         QGYYPTSLQQPVQGQQGHYPASQHQPGQGQQGHHPASLQQSGQGQQGHHPASLQQPGQGK 360 
1AyT1         QGYYSTSLQQPVQGQQGHYLASQHQPGQGQQGHHPASLQQSGQGQQGHHPASLQQPGQGK 360 
1AyIW129      QGYYSTSLQQPVQGQQGHYLASQHQPGQGQQGHHPASLQQSGQGQQGHHPASLQQPGQGK 360 
TaAy7-40      QGYYSTSLQQPVQGQQGHYLASQHQPGQGQQGHHPASLQQSGQGQQGHHPASLQQPGQGK 360 
              **** *****  ******* *************:***** ****** **  ********* 
 
1Ay/Td        QTGQREQRQQPGQGQQTGQGQQPEQEQQPGQGQQGYYPTYLQQPGQGQQPEQWQQLGQGQ 399 
1Ay21*        QTGQREQRQQPGQGQQTGQGQQPEQKQQPGQGQQGYYPTYLQQPGQGQQPEQWQQPGQGQ 399 
1Ay           QTGQREQRQQPGQGQQTGQGQQPEQEQQPGQGQQGYYPTYLQQPGQGQQPEQWQQPGQGQ 419 
1AyT2         QTGQREQRQQPGQGQQTGQGQQPEQEQQPGQGQQGYYPTYLQQPGQGQQPEQWQQPGQGQ 420 
1AyT1         QTGQREQRQQPGQGQQTGQEQQPEQEQQLGQGQQGYYPTYLQQPGQGQQPEQWQQPGQGQ 420 
1AyIW129      QTGQREQRQQPGQGQQTGQEQQPEQEQQLGQGQQGYYPTYLQQPGQGQQPEQWQQPGQGQ 420 
TaAy7-40      QTGQREQRQQPGQGQQTGQEQQPEQEQQLGQGQQGYYPTYLQQPGQGQQPEQWQQPGQGQ 420 
              ******************* *****:** ************************** **** 
 
1Ay/Td        QGHYPASLQQSGQGQQGHYPASPQQPGQGQPGQTQQPGQGQHPEQEEQPGQGQQGYYPTS 459 
1Ay21*        QGHYPASLQQSGQGQQGHYPASLQQPGQGQPGQMQQPGQGQQPEQEQQPGQGQQGYYPTS 459 
1Ay           QGHYPASLQQSGQGQQGHYPASLQQLGQGQPGQTQQPGQGQQPEQEEQSGQGQQGYYPTS 479 
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1AyT2         QGHYPASLQQSGQGQQGHYPASLQQLGQGQPGQTQQPGQGQQPEQEEQSGQGQQGYYPTS 480 
1AyT1         QGHYPASLQQSGQGQQGHYPASLQQLGQGQPGQTQQPGQGQQPEQEEQSGQGQQGYYPTS 480 
1AyIW129      QGHYPASLQQSGQGQQGHYPASLQQLGQGQPGQTQQPGQGQQPEQEEQSGQGQQGYYPTS 480 
TaAy7-40      QGHYPASLQQSGQGQQGHYPASLQQLGQGQPGQTQQPGQGQQPEQEEQSGQGQQGYYPTS 480 
              ********************** ** ******* *******:****:* *********** 
 
1Ay/Td        PQQPGQGQQPGQGQQGHFPTSGQAQQPGQGQQIGQAQQLGQGQQGYYPTSLQQPGQEQQS 519 
1Ay21*        PQQPGQGQQPGQGQQGHFPTSGQAQQPGQGQQIGQVQQLGQGQQGYYPTSLQQPGQEQQS 519 
1Ay           P------QQPGQGQQGHFPTSGQAQQPGQGQQIGQAQQLGQGQQGYYPTSLQQPGQEQQS 533 
1AyT2         PQQPGQGQQPGQGQQGHFPTSGQAQQPGQGQQIGQAQQLGQGQQGYYPTSLQQPGQEQQS 540 
1AyT1         PQQPGQGQQPGQGQQGHFPTSGQAQQPGQGQQIGQAQQLGQGQQGYYPTSPQQPGQEQQS 540 
1AyIW129      PQQPGQGQQPGQGQQGHFPTSGQAQQPGQGQQIGQAQQLGQGQQGYYPTSPQQPGQEQQS 540 
TaAy7-40      PQQPGQGQQPGQGQQGHFPTSGQAQQPGQGQQIGQAQQLGQGQQGYYPTSPQQPGQEQQS 540 
              *      ****************************.************** ********* 
 
1Ay/Td        GQGQQLGQGHQPGQGQQSGQEQQGYDSPYHVSVEQQAASPKVAKAHHPVAQLPTMCQMEG 579 
1Ay21*        GQGQQLGQGHQPGQGQQSGQEQQGYDNPYHVSVEQQAASPKVAKAHHPAAQLPIMCQMEG 579 
1Ay           GQGQQLGQGHQPGQGQQSGQEQQGYDSPYHVSVEQQAASPKVAKAHHPVAQLPTMCQMEG 593 
1AyT2         GQGQQLGQGHQPGQGQQSGQEQQGYDSPYHVSVEQQAASPKVAKAHHPVAQLPTMCQMEG 600 
1AyT1         RQGQQLGQGHQPGQGQQSGQEQQGYDSPYHVSVEQQAASPKVAKAHHPVAQLPTMCQMEG 600 
1AyIW129      RQGQQLGQGHQPGQGQQSGQEQQGYDSPYHVSVEQQAASPKVAKAHHPVAQLPTMCQMEG 600 
TaAy7-40      RQGQQLGQGHQPGQGQQSGQEQQGYDSPYHVSVEQQAASPKVAKAHHPVAQLPTMCQMEG 600 
               *************************.*********************.**** ****** 
 
1Ay/Td        GDALSASQ 587 
1Ay21*        GDALSASQ 587 
1Ay           GDALSASQ 601 
1AyT2         GDALSASQ 608 
1AyT1         GDALSASQ 608 
1AyIW129      GDALSASQ 608 
TaAy7-40      GDALSASQ 608 
              ******** 
 
Figure 7. 3 Comparison of the amino acid sequences of AyT2 with six other Ay alleles. Six 
conserved cysteine residues are highlighted (red). Amino acid variations between AyT2 and the 
other Ay subunits are highlighted (yellow). 
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Figure 7. 4 HMW-GS phylogenetic relationships of the 1AyT2 allele from tetraploid wheat with 
1Ay alleles from other tetraploid and hexaploid wheat species with previously published HMW-
GS genes.  
The phylogenetic tree was created by multiple alignment of the 5' flanking sequences plus the sequences 
encoding the signal peptides and N-terminal regions. Bootstrap analysis was conducted with 1000 
replicates. The individual alleles are labelled using a combination of the alleles’ names and their 
GenBank identifiers. 
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Figure 7. 5 MALDI-TOF MS confirmation of AyT2 HMW-GS expression in introgression NILs (BC4F3). 
Molecular weight of the expressed AyT2 subunit is around 68.5 kDa and is present in NIL 25.1(Yitpi  TTD201) and NIL 
26.1(TTD201  Yitpi). Figure B shows NIL 27.1 (Livingston  TTD201) and NIL 28.1(TTD201  Livingston).  
Figure C shows NIL 29.1(Kukri  TTD201) and NIL 26.1(TTD201  Kukri). 
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Figure 7. 6 Seed morphological characteristics of AyT2 introgression NILs showing that seed size was larger 
than in the corresponding Australian recurrent parents Yitpi, Livingston and Kukri 
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Figure 7. 7 HMW glutenin subunits relative content in the AyT2 introgression 
NILs and in the corresponding recurrent parents. 
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Table 7.2 Protein characters of AyT2 HMW-GS expressed NILs compared with corresponding 
parental cultivar  
Means with different letters are significantly different (ANOVA, p <.05) SE = Standard Error 
  
NIL 
parents/vari
ety      ID 
Protein% 
( SE) 
Falling 
number 
( SE) 
Dry  
glutenin % 
( SE) 
HMW/ 
LMW 
( SE) 
UPP% 
( SE) 
Glu/Gli 
( SE) 
 25.1 11.83d0.05 369.93c1.89 20.99 a 0.12 0.45cd0.00 0.54e0.0 0.60a0.0 
25.2 12.84b0.07 410.44b4.01 20.12 a 0.15 0.41e0.00 0.56d0.0 0.57b0.0 
25.3 12.63bc0.02 405.12b5.07 20.48 a 0.12 0.47c0.00 0.58c0.0 0.57b0.0 
 26.1 13.34a0.02 344.30d2.01 20.79 a 0.01 0.66a0.00 0.65a0.0 0.57b0.0 
26.2 12.33c0.05 309.77f0.95 20.12 a 0.01 0.47c0.00 0.63b0.0 0.57b0.0 
26.3 12.33c0.02 324.59e2.02 21.09 a 0.05 0.53b0.00 0.56d0.0 0.57b0.0 
    Yitpi 12.17cd0.06 443.10a9.01 20.10 a 0.07 0.43de0.00 0.37f0.0 0.50.07b0
.0 
 27.1 13.90bc0.01 335.88c2.01 23.31 a 0.01 0.73b0.00 0.68a0.0 0.54a0.0 
27.2 14.91a0.11 339.37c1.01 24.17 a 0.01 0.84a0.00 0.63b0.0 0.44d0.0 
27.3 14.60ab0.07 335.78c2.01 23.37 a 0.03 0.83a0.00 0.63b0.0 0.44d0.0 
 28.1 14.35ab0.01 464.00a1.01 24.20 a 0.01 0.58d0.00 0.59c0.0 0.51b0.0 
28.2 14.21ab0.01 451.06a2.01 25.08 a 0.03 0.63c0.00 0.61bc0.0 0.49c0.0 
28.3 14.54ab0.03 396.71b2.01 24.56 a 0.05 0.71b0.00 0.66a0.0 0.51b0.0 
Livingston 13.50c0.01 322.49c1.01 24.14 a 0.06 0.44e0.00 0.28d0.0 0.37e0.0 
 29.1 13.64bc0.03 482.09a2.01 25.83 a 0.04 0.70b0.00 0.64a0.0 0.61b0.0 
29.2 14.93a0.04 471.29a1.01 26.11 a 0.05 0.89a0.00 0.50c0.0 0.57c0.0 
29.3 13.92b0.01 468.57a2.06 25.14 a 0.04 0.55c0.00 0.61a0.0 0.51d0.0 
 30.1 13.06c0.01 337.10c1.97 25.42 a 0.02 0.42d0.00 0.54b0.0 0.52d0.0 
30.2 14.04b0.05 401.82b1.89 25.98 a 0.04 0.55c0.00 0.64a0.0 0.53d0.0 
30.3 13.20c0.03 395.91b1.78 25.36 a 0.01 0.42d0.00 0.65a0.0 0.65a0.0 
   Kukri 13.02c0.07 302.06d2.04 26.87 a 0.03 0.55c0.00 0.54b0.0 0.39e0.0 
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Table 7.3 Grain morphological traits of expressed AyT2 HMW-GS NILs compared with the 
corresponding recurrent parents  
   Means with different letters are significantly different (ANOVA, p <.05) SE = Standard Error 
   
NIL parents/variety        ID Seed 
length 
(mm) 
( SE) 
Seed width 
(mm)` 
( SE) 
Seed  
thickness  
(mm) 
( SE) 
TKW 
(g) ( SE) 
Yitpi X TTD201  25.1 6.31b0.01 3.58b0.0 3.37b0.0 49.13b0.02 
25.2 6.65a0.01 3.70a0.0 3.54a0.0 53.35a0.03 
25.3 5.93c0.02 3.29b0.0 3.09c0.0 38.25e0.01 
TTD201 X Yitpi  26.1 6.33b0.01 3.58a0.0 3.37b0.0 47.62bc0.03 
26.2 6.07bc0.02 3.57a0.0 3.35b0.0 45.80cd0.01 
26.3 6.21bc0.02 3.56a0.0 3.26b0.0 45.30d0.03 
Yitpi 6.08bc0.01 3.16b0.0 3.12c0.0 33.12f0.01 
Livingston X TTD201  27.1 6.47ab0.00 3.56a0.0 3.42a0.0 48.62a0.04 
27.2 6.17cd0.01 3.43bc0.0 3.28ab0.0 43.79c0.01 
27.3 6.32bc0.01 3.51ab0.0 3.33ab0.0 45.40b0.03 
TTD201 X Livingston  28.1 6.03d0.02 3.35cd0.0 3.20bc0.0 39.06c0.03 
28.2 6.43ab0.01 3.29de0.0 3.12cd0.0 38.05c0.01 
28.3 6.58a0.01 3.57a0.0 3.43a0.0 48.82a0.01 
Livingston 6.10cd0.00 3.21e0.0 3.02d0.0 35.03d0.03 
Kukri X TTD201  29.1 6.84ab0.00 3.51a0.0 3.33ab0.0 46.91b0.01 
29.2 6.55b0.01 3.32b0.0 3.22bc0.0 41.78c0.02 
29.3 6.49bc0.01 3.33b0.0 3.16c0.0 43.49c0.02 
TTD201 X Kukri  30.1 6.95a0.01 3.63a0.0 3.37ab0.0 51.44a0.01 
30.2 7.15a0.01 3.56a0.0 3.47a0.0 51.34a0.01 
30.3 7.01a0.01 3.23b0.0 2.91d0.0 32.41e0.02 
Kukri 6.19c0.00 3.18b0.0 2.92d0.0 35.49d0.03 
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Table 7. 4 Agronomical characteristics of expressed AyT2 HMW-GS NILs compared with 
corresponding recurrent parents  
Means with different letters are significantly different (ANOVA, p <.05) SE = Standard Error 
 
Table 7.5 AyT2 introgressed HMW-GSs  
AyT2 NILs  
and recurrent parent 
HMW-GS haplotypes 
AyT2 NILs 27 & 28 AyT2+Ax1, Bx17+By18, Dx5+Dy10 
Livingston Ax1, Bx17+By18, Dx5+Dy10 
AyT2 NILs 29  & 30 AyT2+Ax2, Bx7 OE +By8, Dx5+Dy10 
Kukri Ax2, Bx7OE+By8, Dx2+Dy12 
AyT2 NILs 25 & 26 AyT2+Ax21, Bx7 +By8, Dx5+Dy10 
Yitpi Ax1, Bx7+By8, Dx5+Dy10 
NIL 
cross/variety      
ID 
Time to  
flowering  
(weeks)  
Plant  
height  
(cm) 
( SE) 
Spike  
length  
(cm) 
( SE)  
Tiller 
number 
/plant 
( SE)  
Grains/ 
spike 
( SE) 
Grains 
/ plant 
( SE) 
Yield/ plant 
(g) 
( SE) 
 25.1 7.5 a 70.4 a 0.04 6.5 a 0.0 4 a 0.0 30 a 0.01 116.4b2.01 5.72b0.01 
25.2 8 a   76.4 a 0.06 8.5 a 0.0 5 a 0.0 32 a 0.02 155.2a4.01 8.28a0.02 
25.3 8 a   75.3 a 0.08 8 a 0.0 5 a 0.0 31 a 0.03 150.35a2.01 5.75b0.03 
 26.1 6.5 a 72.5 a 0.05 8 a 0.0 3 a 0.0 31 a 0.02 90.21c5.01 4.30c0.09 
26.2 7.5 a 70.9 a 0.04 8 a 0.0 4 a 0.0 32 a 0.01 124.16b2.03 5.69b0.03 
26.3 7 a 72.2 a 0.04 8 a 0.0 4 a 0.0 33 a 0.03 128.04b2.02 5.80b0.06 
Yitpi 6.5 a 65.5 a 0.08 7 a 0.0 4 a 0.0 25 a 0.02 97c2.01 3.21d0.04 
 27.1 6.5 a 78.3 a 0.01 8.5 a 0.0 5 a 0.0 33 a 0.01 160.05a1.01 7.78a0.05 
27.2 7 a  80.2 a 0.03 9 a 0.0 5 a 0.0 33 a 0.01 160.05a6.20 7.01a0.01 
27.3 7.5 a 70.6 a 0.03 7 a 0.0 4 a 0.0 29 a 0.02 112.52b7.20 5.11b0.01 
 28.1 7.5 a 76.4 a 0.02 8.5 a 0.0 5 a 0.0 30 a 0.01 145.5a02.02 5.68b0.02 
28.2 7.5 a 76.3 a 0.06 7.5 a 0.0 5 a 0.0 31 a 0.02 150.35a4.91 5.72b0.01 
28.3 6.5 a 69.5 a 0.03 7 a 0.0 3 a 0.0 29 a 0.01 84.39b1.91 4.12c0.02 
Livingston 6. 5 a 69.2 a 0.01 7 a 0.0 4 a 0.0 26 a 0.02 100.88b0.97 3.53c0.02 
 29.1 7 a 72.2 a 0.02 8 a 0.0 4 a 0.0 30 a 0.02 116.4b0.23 5.46c0.010. 
29.2 6.5 a 70.5 a 0.01 7 a 0.0 4 a 0.0 31 a 0.01 120.28b0.7 5.03c0.03 
29.3 7 a 78.3 a 0.03 8 a 0.0 5 a 0.0 29 a 0.01 140.65a.1.81 6.12b0.01 
 30.1 7 a 75.2 a 0.20 8 a 0.0 5 a 0.0 32 a 0.02 155.2a2.21 7.98a0.01 
30.2 6.5 a 70.5 a 0.12 7 a 0.0 3 a 0.0 30 a 0.02 87.3c0.01 4.48d0.01 
30.3 7.5 a 70.9 a 0.11 8 a 0.0 4 a 0.0 31 a 0.01 120.2b0.11 3.90d0.01 
Kukri 7 a 70.2 a 0.10 7.5 a 0.0 4 a 0.0 28 a 0.01 108.64c1.23 3.86d0.01 
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1Ay21*         ------------------------------------------------------------ 0 
1Ay/Td         ATGGCTAAGCGGTTGGTCCTCTTTGCGACAGTAGTCATTGGCCTCGTGGCTCTCACCGTC 60 
TaAy7-40       ATGGCTAAGCGGTTGGTCCTCTTTGCGACAGTAGTCATTGGCCTCGTGTCTCTCGCCGTC 60 
1AyT1          ------------------------------------------------------------ 0 
1AyIW129       ATGGCTAAGCGGTTGGTCCTCTTTGCGACAGTAGTCATTGGCCTCGTGTCTCTCACCGTC 60 
1AyT2          ATGGCTAAGCGGTTGGTCCTCTTTGCGACAGTAGTCATTGGCCTCGTGTCTCTCACCGTC 60 
1Aysilent      ------------------------GCGACAGTAGTCATTGGCCTCGTGTCTCTCACCGTC 36 
                                                                            
 
1Ay21*         GCTGAAGGTGAGGCCTCTAGGCAACTACAGTGCGAGCGCGAGCTCCAGGAGAGCTCGCTT 60 
1Ay/Td         GCTGAAGGTGAGGCCTCTAGGCAACTACAGTGCGAGCGCGAGCTCCAGGAGAGCTCGCTT 120 
TaAy7-40       GCTGAAGGTGAGACCTCTAAGCAACTACAGTGCGAGCGCGAGCTCCAGGAGAGTTCGCTT 120 
1AyT1          GCTGAAGGTGAGACCTCTAAGCAACTACAGTGCGAGCGCGAGCTCCAGGAGAGTTCGCTT 60 
1AyIW129       GCTGAAGGTGAGACCTCTAAGCAACTACAGTGCGAGCGCGAGCTCCAGGAGAGTTCGCTT 120 
1AyT2          GCTGAAGGTGAGGCCTCTAGGCAACTACAGTGCGAGCGCGAGCTCCAGGAGAGCTCGCTT 120 
1Aysilent      GCTGAAGGTGAGGCCTCTAAGCAACTACAGTGCGAGCGCGAGCTCCAGGAGAGTTCGCTT 96 
               ************ ****** ********************************* ****** 
 
1Ay21*         GAGGCATGCCGGCTGGTCGTGGACCAACAGTTGGCCGGCCGGCTGCCATGGAGCACGGGG 120 
1Ay/Td         GAGGCATGCCGGCTGGTCGTGGACCAACAGTTGGCCGGCCGGCTGCCATGGAGCACGGGG 180 
TaAy7-40       GAGGCATGCCGGCTGGTCGTGGACCAACAGTTGGCCGGCCGGCTGCCATGGAGCACGGGG 180 
1AyT1          GAGGCATGCCGGCTGGTCGTGGACCAACAGTTGGCCGGCCGGCTGCCATGGAGCACGGGG 120 
1AyIW129       GAGGCATGCCGGCTGGTCGTGGACCAACAGTTGGCCGGCCGGCTGCCATGGAGCACGGGG 180 
1AyT2          GAGGCATGCCGACTGGTCGTGGACCAACAGTTGGCCGGCCGGCTGCCATGGAGCACGGGG 180 
1Aysilent      GAGGCATGCCGGCTGGTCGTGGACCAACAGTTGGCCAGCCGGCTGCCATGGAGCACGGGG 156 
               *********** ************************ *********************** 
 
1Ay21*         CTCCAGATGCGGTGCTGCCAGCAGCTCCGAGATATTAGTGCCAAGTGTCGCCCCGTCGCC 180 
1Ay/Td         CTCCAGATGCGGTGCTGCCAGCAGCTCCGAGATATTAGTGCCAAGTGTCGCCCCGTCGCC 240 
TaAy7-40       CTCCAGATGCGGTGCTGCCAGCAGCTCCGAGATATTAGTGCCAAGTGTCGCCCCGTCGCC 240 
1AyT1          CTCCAGATGCGGTGCTGCCAGCAGCTCCGAGATATTAGTGCCAAGTGTCGCCCCGTCGCC 180 
1AyIW129       CTCCAGATGCGGTGCTGCCAGCAGCTCCGAGATATTAGTGCCAAGTGTCGCCCCGTCGCC 240 
1AyT2          CTCCAGATGCGGTGCTGCCAGCAGCTCCGAGATATTAGTGCCAAGTGTCGCCCCGTCGCC 240 
1Aysilent      CTCCAGATGCGGTGCTGCCAGCAGCTCCGAGATATTAGTGCCAAGTGTCGCCCCGTCGCC 216 
               ************************************************************ 
 
1Ay21*         GTCAGCCAAGTCGCAAGACAATATGGGCAAACCGCGGTGCCGCCCAAGGGCGGATCCTTC 240 
1Ay/Td         GTCAGCCAAGTCGCAAGACAATATGGGCAAACCGCGGTGCCGCCCAAGGGCGGATCCTTC 300 
TaAy7-40       CACAGCCAAGTCGCAAGACAACATGGGCAAACCGCGGTGCCGCCCAAGGGCGGATCCTTC 300 
1AyT1          CTCAGCCAAGTCGCAAGACAATATGGGCAAACCGCGGTGCCGCCCAAGGGCGGATCCTTC 240 
1AyIW129       CTCAGCCAAGTCGCAAGACAATATGGGCAAACCGCGGTGCCGCCCAAGGGCGGATCCTTC 300 
1AyT2          CTCAGCCAAGTCGCAAGACAATATGGGCAAACCGCGGTGCCGCCCAAGGGCGGATCCTTC 300 
1Aysilent      CTCAGCCAAGTCGCAAGACAATATGGGCAAACCGCGGTGCCGCCCAAGGGCGGACCCTTC 276 
                 ******************* ******************************** ***** 
 
1Ay21*         TACCCTCGCGAGACCACGCCACTGCAGCAACTCCAACAAGGAATATTTGGGGGAACATCT 300 
1Ay/Td         TACCCTCGCGAGACCACGCCACTGCAGCAACTCCAACAAGGAATATTTGGGGGAACATCT 360 
TaAy7-40       TACCATCGCGAGACCACGCCACTGCAGCAACTCCAACAAGGAATATTTGGGGGAACATCT 360 
1AyT1          TACCATCGCGAGACCACGCCACTGCAGCAACTCCAACAAGGAATATTTGGGGGAACATCT 300 
1AyIW129       TACCATCGCGAGACCACGCCACTGCAGCAACTCCAACAAGGAATATTTGGGGGAACATCT 360 
1AyT2          TACCATCGCGAGACCACGCCACTGCAGCAACTCCAACAAGGAATATTTGGGGGAACATCT 360 
1Aysilent      TACCATCGCGAGACCACGCCACTGCAGCAACTCCAACAAGGAATATTTGGGGGAACATCT 336 
               **** ******************************************************* 
 
1Ay21*         TCACAAACAGTACAAGGGTATTACCCAAGTGTAATATCTCCTCAGCAGGGGTCATATTAT 360 
1Ay/Td         TCACAAACAGTACAAGGGTATTACCCAAGTGTAATATCTCCTCAGCAGGGGTCATATTAT 420 
TaAy7-40       TCACAAACAGTACAAGGGTATTACCCAAGTGTAATATCTCCTCAGCAGGGGTCATATTAT 420 
1AyT1          TCACAAACAGTACAAGGGTATTACCCAAGTGTAATATCTCCTCAGCAGGGGTCATATTAT 360 
1AyIW129       TCACAAACAGTACAAGGGTATTACCCAAGTGTAATATCTCCTCAGCAGGGGTCATATTAT 420 
1AyT2          TCACAAACAGTACAAGGGTATTACCCAAGTGTAATATCTCCTCAGCAGGGGTCATATTAT 420 
1Aysilent      TCACAAACAGTACAAGGGTATTACCCAAGTGTAATATCTCCTCAGCAGGGGTCATATTAT 396 
               ************************************************************ 
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1Ay21*         CCAGGCCAAGCTTCTCCACAACAGCCAGGAAAATGGAAAGAACTAGGACAAGGGCAACAA 420 
1Ay/Td         CCAGGCCAAGCTTCTCCACAACAGCCAGGAAAATGGCAAGAGCTAGGACAAGGGCAACAA 480 
TaAy7-40       CCAGGCCAAGCTTCTCTACAACAGCCAGGAAAATGGCAAGAACTAGGACAAGGGCAACAA 480 
1AyT1          CCAGGCCAAGCTTCTCCACAACAGCCAGGAAAATGGCAAGAACTAGGACAAGGGCAACAA 420 
1AyIW129       CCAGGCCAAGCTTCTCCACAACAGCCAGGAAAATGGCAAGAACTAGGACAAGGGCAACAA 480 
1AyT2          CCAGGCCAAGCTTCTCCACAACAGCCAGGAAAATGGCAAGAACTAGGACAAGGGCAACAA 480 
1Aysilent      CCAGGCCAAGCTTCTCCACAACAGCCAGGAAAATGGCAAGAACTAGGACAAGGGCAACAA 456 
               **************** ******************* **** ****************** 
 
1Ay21*         GGGTACTATCCAACTTCTCTGCAGCAGCCAGGACAAGGGC-------------------- 460 
1Ay/Td         GGGTACTATCCAACTTCTCTGCAGCAGCCAGGACAAGGGC-------------------- 520 
TaAy7-40       TGGTACTATCCAACTTCTCTGCAGAAGCCAGGACAAGGGCAACAAGGGTACTACCGAACT 540 
1AyT1          TGGTACTATCCAACTTCTCTGCAGAAGCCAGGACAAGGGCAACAAGGGTACTACCGAACT 480 
1AyIW129       TGGTACTATCCAACTTCTCTGCAGAAGCCAGGACAAGGGCAACAAGGGTACTACCGAACT 540 
1AyT2          TGGTACTATCCAACTTCTCTGCAGCAGCCAGGACAAGGGCAACAAGGGTACTACCGAACT 540 
1Aysilent      TGGTACTATCCAACTTCTCTGCAGCAGCCAGGACAAGGGCAACAAGGGTACTACCGAACT 516 
                *********************** ***************                     
 
1Ay21*         -------------------------AACAAGGGTACTACCGAACTTCTCTGCAGCAGCCA 495 
1Ay/Td         -------------------------AACAAGGGTACTACCGAACTTCTCTGCAGCAGCCA 555 
TaAy7-40       TCTCTGCAGCAGCCAGGACAAAGGCAACAAGGGTACTACCGAACTTCTCTGCAGCAGCCA 600 
1AyT1          TCTCTGCAGCAGCCAGGACAAAGGCAACAAGGGTACTACCGAACTTCTCTGCAGCAGCCA 540 
1AyIW129       TCTCTGCAGCAGCCAGGACAAAGGCAACAAGGGTACTACCGAACTTCTCTGCAGCAGCCA 600 
1AyT2          TCTCTGCAGCAGCCAGGACAAAGGCAACAAGGGTACTACCGAACTTCTCTGCAGCAGCCA 600 
1Aysilent      TCTCTGCAGCAGCCAGGACAAAGGCAACAAGGGTACTACCGAACTTCTCTGCAGCAGCCA 576 
                                        *********************************** 
 
1Ay21*         GGACAAGGGCAACAGATAGGACAATGGCAACAAGGGTACTACCCAACTTCTCTGCAGCAC 555 
1Ay/Td         GGACAAGGGCAACAGATAGGACAATGGCAACAAGGGTACTACCCAACTTCTCCGCAGCAC 615 
TaAy7-40       GGACAAGGGCAACAGATAGGACAATGGCAACAAGGGTACTACCCAACCTCTCCGCAGCAC 660 
1AyT1          GGACAAGGGCAACAGATAGGACAATGGCAACAAGGGTACTACCCAACTTCTCCGCAGCAC 600 
1AyIW129       GGACAAGGGCAACAGATAGGACAATGGCAACAAGGGTACTACCCAACTTCTCCGCAGCAC 660 
1AyT2          GGACAAGGGCAACAGATAGGACAATGGCAACAAGGGTACTACCCAACTTCTCCGCAGCAC 660 
1Aysilent      GGACAAGGGCAACAGATAGGACAATGGCAACAAGGGTACTACCCAACTTCTCCGCAGCAC 636 
               *********************************************** **** ******* 
 
1Ay21*         CCAGGACAAGGGCAACAACCAGGACAAGTGCAAAAAATAGGACAAGGGCAACAATCAGAA 615 
1Ay/Td         CCAGGACAAGGGCAACAACCAGGACAAGTGCAAAAAATAGGACAAGGGCAACAACCAGAA 675 
TaAy7-40       CCAGGACAAGGGCAACAACCAGGACAAGTGCAAAAAATAGGACAAGGGCAACAACCAGAA 720 
1AyT1          CCAGGACAAGGGCAACAACCAGGACAAGTGCAAAAAATAGGACAAGGGCAACAACCAGAA 660 
1AyIW129       CCAGGACAAGGGCAACAACCAGGACAAGTGCAAAAAATAGGACAAGGGCAACAACCAGAA 720 
1AyT2          CCAGGACAAGGGCAACAACCAGGACAAGTGCAAAAAATAGGACAAGGGCAACAACCAGAA 720 
1Aysilent      CCAGGACAAGGGCAACAACCAGGACAAGTGCAAAAAATAGGACAAGGGCAACAACCAGAA 696 
               ****************************************************** ***** 
 
1Ay21*         AAAGGGCAACAACTAGGACAAGAGCAACAAATAGGACAAGGGCAACA------------- 662 
1Ay/Td         AAAGGGCAACAACTAGGACAAGAGCAACAAATAGGACAAGGGCA---------------- 719 
TaAy7-40       AAAGGGCAACAACTAGGGCAAGAGCAACAAATAGGACAAGGGCAACAACCAGAACAAGGG 780 
1AyT1          AAAGGGCAACAACTAGGACAAGAGCAACAAATAGGACAAGGGCAACAACCAGAACAAGGG 720 
1AyIW129       AAAGGGCAACAACTAGGACAAGAGCAACAAATAGGACAAGGGCAACAACCAGAACAAGGG 780 
1AyT2          AAAGGGCAACAACTAGGACAAGAGCAACAAATAGGACAAGGGCAACAACCAGAACAAGGG 780 
1Aysilent      AAAGGGCAACAACTAGGACAAGAGCAACAAATAGGACAAGGGCAACAACCAGAACAAGGG 756 
               ***************** **************************                 
 
1Ay21*         -----ACCAGAACAAGGGCAACAACCAGGACAAGGGCAACAAGGATACTATCCAACTTCT 717 
1Ay/Td         --ACAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGTACTACCCAACTTCT 777 
TaAy7-40       CAACAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGTACTACCCAACTTCT 840 
1AyT1          CAACAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGTACTACCCAACTTCT 780 
1AyIW129       CAACAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGTACTACCCAACTTCT 840 
1AyT2          CAACAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGTACTACCCAACTTCT 840 
1Aysilent      CAACAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGTACTACCCAACTTCT 816 
                    ***** ********************************* ***** ********* 
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1Ay21*         CTGCAGCAGCCAGGACAAGGGCAACAACCAGGACAATGGCAACAAGCAGGACAAGGGCAA 777 
1Ay/Td         CTGCANCAGCCAAGACAAGGGCAACAACCAGGACAATGGCAACAACCAGGACAAGGGCAA 837 
TaAy7-40       CTGCAGCAGCCAGGACAAGGGCAACAACCAGGACAATGGCAACAACCAGTACAAGGGCAA 900 
1AyT1          CTGCAGCAGCCAGGACAAGGGCAACAACCAGGACAATGGCAACAACCAGTACAAGGGCAA 840 
1AyIW129       CTGCAGCAGCCAGGACAAGGGCAACAACCAGGACAATGGCAACAACCAGTACAAGGGCAA 900 
1AyT2          CTGCAGCAGCCAGGACAAGGGCAACAACCAGGACAATGGCAACAACCAGGACAAGGGCAA 900 
1Aysilent      CTGCAGCAGCCAGGACAAGGGCAACAACCAGGACAATGGCAACAACCAGGACAAGGGCAA 876 
               ***** ****** ******************************** *** ********** 
 
1Ay21*         CAAGGATACTACCCAACTTCTCTGCAGCAGTCAGGACAAGGGCAACAAGGGCACTACCCA 837 
1Ay/Td         CAAGGGTACTACCCAACTTCTCTGCAACAGCCAGGACAAGGGCAACAAGGGCACTACCCA 897 
TaAy7-40       CAAGGGTACTACTCAACTTCTCTGCAGCAGCCAGTACAAGGGCAACAAGGGCACTACCTA 960 
1AyT1          CAAGGGTACTACTCAACTTCTCTGCAGCAGCCAGTACAAGGGCAACAAGGGCACTACCTA 900 
1AyIW129       CAAGGGTACTACTCAACTTCTCTGCAGCAGCCAGTACAAGGGCAACAAGGGCACTACCTA 960 
1AyT2          CAAGGGTACTACCCAACTTCTCTGCAACAGCCAGTACAAGGGCAACAAGGGCACTACCCA 960 
1Aysilent      CAAGGGTACTACCCAACTTCTCTGCAACAGCCAGTACAAGGGCAACAAGGGCACTACCCA 936 
               ***** ****** ************* *** *** *********************** * 
 
1Ay21*         GCTTCTCAGCACCAGCCAGGGCAGGGGCAACAAGGGCACCACCCAGCTTCTCTGCAGCAG 897 
1Ay/Td         GCTTCTCAGCACCAGCCAGGGCAGGGGCAACAAGGGCACCACCCAGCTTCTCTGCAGCAG 957 
TaAy7-40       GCTTCTCAGCACCAGCCAGGGCAGGGGCAACAAGGGCACCACCCAGCTTCTCTGCAGCAG 1020 
1AyT1          GCTTCTCAGCACCAGCCAGGGCAGGGGCAACAAGGGCACCACCCAGCTTCTCTGCAGCAG 960 
1AyIW129       GCTTCTCAGCACCAGCCAGGGCAGGGGCAACAAGGGCACCACCCAGCTTCTCTGCAGCAG 1020 
1AyT2          GCTTCTCAGCACCAGCCAGGGCAGGGGCAACAAGGGCACCACCCAGCTTCTCTGCAGCAG 1020 
1Aysilent      GCTTCTCAGCACCAGCCAGGGCAGGGGCAACAAGGGCACCAGCCAGCTTCTCTGCAGTAG 996 
               ***************************************** *************** ** 
 
1Ay21*         TCAGGACAAGGGCAACAAGGGCACCACCCAGCTTCTCTGCAGCAGCCAGGACAAGGGAAA 957 
1Ay/Td         TCAGGACAAGGGCAACAAGAGCACCACTCACCTTCTCTGCAGCAGCCAGGACAAGGGAAA 1017 
TaAy7-40       TCAGGACAAGGGCAACAAGGGCACCACCCAGCTTCTCTACAGCAGCCAGGACAAGGGAAA 1080 
1AyT1          TCAGGACAAGGGCAACAAGGGCACCACCCAGCTTCTCTACAGCAGCCAGGACAAGGGAAA 1020 
1AyIW129       TCAGGACAAGGGCAACAAGGGCACCACCCAGCTTCTCTACAGCAGCCAGGACAAGGGAAA 1080 
1AyT2          TCAGGACAAGGGCAACAAGGGCACCACCCAGCTTCTCTACAGCAGCCAGGACAAGGGAAA 1080 
1Aysilent      TCAGGACAAGGGCAACAAGGGCACCACCCAGCTTCTCTACAGCAGCCAGGACAAGGGAAA 1056 
               ******************* ******* ** ******* ********************* 
 
1Ay21*         CAAACAGGACAGCGAGAACAAAGGCAACAACCAGGACAAGGGCAACAAACAGGACAAGGG 1017 
1Ay/Td         CAAACAGGACAGCGAGAACAAAGGCAACAACCAGGACAAGGGCAACAAACAGGACAAGGG 1077 
TaAy7-40       CAAACAGGACAGCGAGAACAAAGGCAACAACCAGGACAAGGGCAACAAACAGGACAAGAG 1140 
1AyT1          CAAACAGGACAGCGAGAACAAAGGCAACAACCAGGACAAGGGCAACAAACAGGACAAGAG 1080 
1AyIW129       CAAACAGGACAGCGAGAACAAAGGCAACAACCAGGACAAGGGCAACAAACAGGACAAGAG 1140 
1AyT2          CAAACAGGACAGCGAGAACAAAGGCAACAACCAGGACAAGGGCAACAAACAGGACAAGGG 1140 
1Aysilent      CAAACAGGACAGCGAGAACAAAGGCAACAACCAGGACAAGGGCAACAAACAGGACAAGGG 1116 
               ********************************************************** * 
 
1Ay21*         CAACAGCCAGAACAAAAGCAACAACCAGGACAAGGGCAACAAGGGTACTATCCAACTTAT 1077 
1Ay/Td         CAACAACCAGAACAAGAGCAACAACCAGGACAAGGGCAACAAGGGTACTATCCAACTTAT 1137 
TaAy7-40       CAACAGCCAGAACAAGAGCAACAACTAGGACAGGGGCAACAAGGGTACTATCCAACTTAT 1200 
1AyT1          CAACAGCCAGAACAAGAGCAACAACTAGGACAAGGGCAACAAGGGTACTATCCAACTTAT 1140 
1AyIW129       CAACAGCCAGAACAAGAGCAACAACTAGGACAAGGGCAACAAGGGTACTATCCAACTTAT 1200 
1AyT2          CAACAGCCAGAACAAGAGCAACAACCAGGACAAGGGCAACAAGGGTACTATCCAACTTAT 1200 
1Aysilent      CAACAGCCAGAACAAGAGCAACAACCAGGACAAGGGCAACAAGGGTACTATCCAACTTAT 1176 
               ***** ********* ********* ****** *************************** 
 
1Ay21*         CTGCAACAGCCAGGACAAGGGCAACAGCCAGAACAATGGCAACAACCAGGACAAGGTCAA 1137 
1Ay/Td         CTGCAACAGCCAGGACAAGGGCAACAGCCAGAACAATGGCAACAACTAGGACAAGGTCAA 1197 
TaAy7-40       CTGCAACAGCCAGGACAAGGGCAACAGCCAGAACAATGGCAACAACCAGGACAAGGTCAA 1260 
1AyT1          CTGCAACAGCCAGGACAAGGGCAACAGCCAGAACAATGGCAACAACCAGGACAAGGTCAA 1200 
1AyIW129       CTGCAACAGCCAGGACAAGGGCAACAGCCAGAACAATGGCAACAACCAGGACAAGGTCAA 1260 
1AyT2          CTGCAACAGCCAGGACAAGGGCAACAGCCAGAACAATGGCAACAACCAGGACAAGGTCAA 1260 
1Aysilent      CTGCAACAGCCAGGACAAGGGCAACAGCCAGAACAATGGCAACAACCAGGACAAGGTCAA 1236 
               ********************************************** ************* 
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1Ay21*         CAAGGGCACTACCCAGCTTCTCTGCAGCAGTCAGGACAAGGACAACAAGGGCACTACCCA 1197 
1Ay/Td         CAAGGGCACTACCCAGCTTCTCTGCAGCAGTCAGGACAAGGACAACAAGGGCACTACCCA 1257 
TaAy7-40       CAAGGGCACTACCCAGCTTCTCTGCAGCAGTCAGGACAAGGACAACAAGGGCACTACCCA 1320 
1AyT1          CAAGGGCACTACCCAGCTTCTCTGCAGCAGTCAGGACAAGGACAACAAGGGCACTACCCA 1260 
1AyIW129       CAAGGGCACTACCCAGCTTCTCTGCAGCAGTCAGGACAAGGACAACAAGGGCACTACCCA 1320 
1AyT2          CAAGGGCACTACCCAGCTTCTCTGCAGCAGTCAGGACAAGGACAACAAGGGCACTACCCA 1320 
1Aysilent      CAAGGGCACTACCCAGCTTCTCTGCAGCAGTCAGGACAAGGACAACAAGGGCACTACCCA 1296 
               ************************************************************ 
 
1Ay21*         GCTTCTCTGCAGCAGCCAGGACAAGGACAACCAGGACAAATGCAACAACCAGGACAAGGG 1257 
1Ay/Td         GCTTCTCCGCAGCAGCCAGGACAAGGACAACCAGGACAAACACAACAACCAGGACAAGGG 1317 
TaAy7-40       GCTTCTCTGCAGCAGCTAGGACAAGGACAACCAGGACAAACGCAACAACCAGGACAAGGG 1380 
1AyT1          GCTTCTCTGCAGCAGCTAGGACAAGGACAACCAGGACAAACGCAACAACCAGGACAAGGG 1320 
1AyIW129       GCTTCTCTGCAGCAGCTAGGACAAGGACAACCAGGACAAACGCAACAACCAGGACAAGGG 1380 
1AyT2          GCTTCTCTGCAACAGCTAGGACAAGGACAACCAGGACAAACGCAACAACCAGGACAAGGG 1380 
1Aysilent      GCTTCTCTGCAACAGCTAGGACAAGGACAACCAGGACAAACGCAACAACCAGGACAAGGG 1356 
               ******* *** **** ***********************  ****************** 
 
1Ay21*         CAACAGCCAGAACAAGAGCAACAACCAGGACAAGGGCAACAAGGGTACTATCCAACTTCT 1317 
1Ay/Td         CAACATCCAGAACAAGAGGAACAACCAGGACAAGGGCAACAAGGGTACTACCCAACCTCT 1377 
TaAy7-40       CAACAGCCAGAACAAGAGGAACAATCAGGACAAGGGCAACAAGGGTACTATCCAACTTCT 1440 
1AyT1          CAACAGCCAGAACAAGAGGAACAATCAGGACAAGGGCAACAAGGGTACTATCCAACTTCT 1380 
1AyIW129       CAACAGCCAGAACAAGAGGAACAATCAGGACAAGGGCAACAAGGGTACTATCCAACTTCT 1440 
1AyT2          CAACAGCCAGAACAAGAGGAACAATCAGGACAAGGGCAACAAGGGTACTATCCAACTTCT 1440 
1Aysilent      CAACAGCCAGAACAAGAGGAACAATCAGGACAAGGGCAACAAGGGTACTATCCAACTTCT 1416 
               ***** ************ ***** ************************* ***** *** 
 
1Ay21*         CCGCAGCAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGCACTTCCCAACT 1377 
1Ay/Td         CCGCAACAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGCACTTCCCAACT 1437 
TaAy7-40       CCGCAGCAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGCACTTCCCAACT 1500 
1AyT1          CCGCAGCAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGCACTTCCCAACT 1440 
1AyIW129       CCGCAGCAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGCACTTCCCAACT 1500 
1AyT2          CCGCAGCAACCAGGACAAGGGCAACAACCAGGACAAGGGCAACAAGGGCACTTCCCAACT 1500 
1Aysilent      CCGCAGCAACCAGGAC------------------AAGGGCAACAAGGGCACTTCCCAACT 1458 
               ***** **********                  ************************** 
 
1Ay21*         TCTGGACAAGCGCAACAACCAGGACAAGGCCAACAAATAGGACAAGTGCAACAACTAGGA 1437 
1Ay/Td         TCTGGACAAGCGCAACAACCAGGACAAGGCCAACAAATAGGACAAGCGCAACAACTAGGA 1497 
TaAy7-40       TCTGGACAAGCGCAACAACCAGGACAAGGCCAACAAATAGGACAAGCGCAACAACTAGGA 1560 
1AyT1          TCTGGACAAGCGCAACAACCAGGACAAGGCCAACAAATAGGACAAGCGCAACAACTAGGA 1500 
1AyIW129       TCTGGACAAGCGCAACAACCAGGACAAGGCCAACAAATAGGACAAGCGCAACAACTAGGA 1560 
1AyT2          TCTGGACAAGCGCAACAACCAGGACAAGGCCAACAAATAGGACAAGCGCAACAACTAGGA 1560 
1Aysilent      TCTGGACAAGCGCAACAACCAGGACAAGGCCAACAAATAGGACAAGCGCAACAACTAGGA 1518 
               ********************************************** ************* 
 
1Ay21*         CAAGGGCAACAAGGATACTACCCAACTTCTCTGCAGCAACCAGGACAAGAGCAACAGTCA 1497 
1Ay/Td         CAAGGGCAACAAGGATACTACCCAACTTCTCTGCAGCAGCCAGGACAAGAGCAACAGTCA 1557 
TaAy7-40       CAAGGGCAACAAGGATACTACCCAACTTCTCCGCAGCAGCCAGGACAGGAGCAACAGTCA 1620 
1AyT1          CAAGGGCAACAAGGATACTACCCAACTTCTCCGCAGCAGCCAGGACAAGAGCAACAGTCA 1560 
1AyIW129       CAAGGGCAACAAGGATACTACCCAACTTCTCCGCAGCAGCCAGGACAAGAGCAACAGTCA 1620 
1AyT2          CAAGGGCAACAAGGATACTACCCAACTTCTCTGCAGCAGCCAGGACAAGAGCAACAGTCA 1620 
1Aysilent      CAAGGGCAACAAGGATACTACCCAACTTCTCTGCAGCAGCCAGGACAAGAGCAACAGTCA 1578 
               ******************************* ****** ******** ************ 
 
1Ay21*         GGACAAGGGCAACAGTTAGGACAAGGACACCAACCTGGACAAGGGCAACAATCAGGACAA 1557 
1Ay/Td         GGACAAGGGCAACAGTTAGGACAAGGACACCAACCAGGACAAGGGCAACAATCAGGACAA 1617 
TaAy7-40       AGACAAGGGCAACAGTTAGGACAAGGACACCAACCAGGACAAGGGCAACAATCAGGACAA 1680 
1AyT1          AGACAAGGGCAACAGTTAGGACAAGGACACCAACCAGGACAAGGGCAACAATCAGGACAA 1620 
1AyIW129       AGACAAGGGCAACAGTTAGGACAAGGACACCAACCAGGACAAGGGCAACAATCAGGACAA 1680 
1AyT2          GGACAAGGGCAACAGTTAGGACAAGGACACCAACCAGGACAAGGGCAACAATCAGGACAA 1680 
1Aysilent      GGACAAGGGCAACAGTTAGGACAAGGACACCAACCAGGACAAGGGCAACAATCAGGACAA 1638 
                ********************************** ************************ 
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1Ay21*         GAGCAACAAGGCTACGACAACCCATACCATGTTAGCGTGGAGCAGCAAGCGGCCAGCCCA 1617 
1Ay/Td         GAGCAACAAGGCTACGACAGCCCATACCATGTTAGCGTGGAGCAGCAAGCGGCCAGCCCA 1677 
TaAy7-40       GAGCAACAAGGCTACGACAGCCCATACCATGTTAGCGTGGAGCAGCAAGCGGCCAGCCCA 1740 
1AyT1          GAGCAACAAGGCTACGACAGCCCATACCATGTTAGCGTGGAGCAGCAAGCGGCCAGCCCA 1680 
1AyIW129       GAGCAACAAGGCTACGACAGCCCATACCATGTTAGCGTGGAGCAGCAAGCGGCCAGCCCA 1740 
1AyT2          GAGCAACAAGGCTACGACAGCCCATACCATGTTAGCGTGGAGCAGCAAGCGGCCAGCCCA 1740 
1Aysilent      GAGCAACAAGGCTATGACAGCCCATACCATGTTAGCGTGGAGCAGCAAGCGGCCAGCCCA 1698 
               ************** **** **************************************** 
 
1Ay21*         AAGGTGGCAAAGGCGCACCATCCGGCGGCACAGCTGCCGATAATGTGCCAGATGGAGGGG 1677 
1Ay/Td         AAGGTGGCAAAGGCGCACCATCCGGTGGCACAGCTGCCGACAATGTGCCAGATGGAGGGG 1737 
TaAy7-40       AAGGTGGCAAAGGCGCACCATCCGGTGGCACAGCTGCCGACAATGTGCCAGATGGAGGGG 1800 
1AyT1          AAGGTGGCAAAGGCGCACCATCCGGTGGCACAGCTGCCGACAATGTGCCAGATGGAGGGG 1740 
1AyIW129       AAGGTGGCAAAGGCGCACCATCCGGTGGCACAGCTGCCGACAATGTGCCAGATGGAGGGG 1800 
1AyT2          AAGGTGGCAAAGGCGCACCATCCGGTGGCACAGCTGCCGACAATGTGCCAGATGGAGGGG 1800 
1Aysilent      AAGGTGGCAAAGGCGCACCATCCGGTGGCACAGCTGCCGACAATGTGCCAGATGGAGGGG 1758 
               ************************* ************** ******************* 
 
1Ay21*         GGCGACGCATTGTCGGCTAGCCAGTGA--- 1704 
1Ay/Td         GGCGACGCATTGTCGGCCAGCCAGTGATAG 1767 
TaAy7-40       GGCGACGCATTGTCGGCTAGCCAGTGATAG 1830 
1AyT1          GGCGACGCATTGTCGGCTAGCCAGTGA--- 1767 
1AyIW129       GGCGACGCATTGTCGGCCAGCCAGTGATAG 1830 
1AyT2          GGCGACGCATTGTCGGCTAGCCAGTGATAG 1830 
1Aysilent      GGCGACGCATTGTCGGCTAGCCAGTGATAG 1788 
 
Supplementary Figure 7.8  DNA coding sequence alignment of active Glu-1Ay genes  
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Chapter 8 
General discussion 
8.1 Introduction 
HMW-GS proteins are major contributing components to bread-making performance. Although they 
constitute only 10% of the total storage proteins, they are about 40%-60% responsible for dough quality 
(Payne et al., 1982). Bread wheat possesses six HMW-GS genes encoding the 1Ax, 1Ay, 1Bx, 1By, 
1Dx and 1Dy subunits. However, the 1Ay HMW-GS is silent in common bread wheat cultivars (Jiang 
et al., 2009a) while it is expressed in wild diploid and tetraploid (durum) wheat genotypes (Ma et al., 
2007; Waines et al., 1987). The aim of this thesis included investigating and quantifying the influence 
of having an active 1Ay HMW-GS on the protein, dough and baking quality of wheat grain and 
characterising novel alleles from related species by integrating them into locally adapted commercial 
genetic backgrounds.  
This aim was achieved by conducting a series of experiments. First of all, introgression of the 1Ay 
alleles was carried out by using a conventional backcrossing scheme, leading to the development of 
NILs. At BC4F44 generation, the NIL’s agronomic traits were evaluated and compared between the 
reciprocal crossed NILs as well as with their recurrent Australian wheat parent cultivars. Flour protein 
and flour colour measured by NIL and by the Minolta Chroma Meter. Dough strength and elasticity 
were measured using various instruments pertinent to qualitative analysis, such as an alveograph, a 
farinograph and an extensograph. Straight, rapid and sponge-dough baking tests were used to evaluate 
bread-baking performance. The proteomic technologies included NIR, RP-HPLC, SE-HPLC, SDS-
PAGE, and MALDI-TOF MS were used to study the underlying mechanism of the 1Ay function. Small 
scale quality test was conducted using glasshouse grown material. Results showed that 1Ay increased 
the UPP%, HMW/LMW ratio, demonstrating that the active 1Ay improved dough quality for better 
bread making. A large-scale field trial together with large scale quality test has been carried out. Results 
showed that the 1Ay NILs improved dough quality and baking quality without reducing grain yield. In 
this study three different types of 1Ay, 1Ay21*, 1AyT1 and 1AyT2, were integrated into Australian 
wheat cultivars and the AyT2 gene was characterised by DNA sequencing. The quality test result of 
1Ay integrated NILs showed that grain, protein, dough and baking quality were altered in different 
ways. The three 1Ay alleles have the potential to improve grain yield, protein and end-product quality.  
 
8.2 Major outcomes of this thesis  
 Determined that expression of different 1Ay alleles (1Ay21*, 1AyT1 and AyT2) in commercial 
wheat backgrounds altered protein and dough characteristics to different extents. 
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 The NILs possessing expressed Ay HMW-GS can be utilised to improve wheat baking 
quality. 
 Confirmed that in the cv. Lincoln background, the expression of the 1Ay21* allele increased 
the protein content without a yield penalty. 
 Characterised a novel 1Ay allele, 1AyT2, and introgressed the allele into three commercial 
Australian cultivars.  
8.3 General discussion 
The important findings listed above and described in the body of the thesis are discussed below in 
regards to their potentials to be utilised to improve wheat quality for the bakery industry. 
8.3.1 The Ay21* and AyT1 HMW-GS have the potential to improve protein and dough quality 
The active Ax21 and Ay21* genes were introduced into nine commercial Australian wheat cultivars, 
and AyT1 was introduced into two Australian wheat cultivars, replacing the silent allele present in those 
cultivars. Johansson and co-workers (1993) were the first to report the Ax21-carrying lines, but they 
did not find any significant differences in dough and protein quality among the three 1Ax alleles. In this 
thesis, in total 22 sets of introgression NILs carrying various 1Ay alleles were developed. Expression 
of the introgressed alleles was confirmed by MALDI-TOF MS and SDS-PAGE. Morphological 
characteristics were studied in the glasshouse and in large-scale field trials. Both trials confirmed that 
the adaptation to the Australian environment was maintained in the NILs (see Chapters 3, 5 ,6 and 7).  
Other researchers had previously shown that the 1Ay subunits had a very promising influence on 
glutenin properties (Ciaffi et al., 1991; Margiotta et al., 1996; Rogers et al., 1997, Wang et, al., 2018). 
However, this thesis reports on the introgression of expressed 1Ay subunit alleles into Australian wheat 
cultivars and their effects on flour quality. The expressed Ay21* allele increased unextractable 
polymeric protein content (UPP%) by up to 14.3%. The AyT1 allele increased grain protein content by 
up to 9%. Also, 1Ay expression resulted in up to 10% increase in gluten content, 5% increase in 
glutenin, and increased the HMW-to-LMW-GS ratio without affecting the relative amounts of other 
subunits. Alveograph results showed that the presence of the Ay subunit improved dough strength in a 
Livingston background and dough extensibility in a Bonnie Rock background (see Chapter 4). Zeleny 
sedimentation values were found to be higher in all three Bonnie Rock-derived NILs and in one of the 
Livingston derivatives. Dough development times and peak resistance, determined on the micro Z-arm 
mixer, were increased in most cases (see Chapter 4). The 1Ay21* introgression NILs in the Lincoln 
background showed that Ay21* leads to an increase in grain protein content by up to 9%, UPP by up to 
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24%. (chapter 5). Also, NILs carrying the active AyT2 HMW-GS subunit allele had remarkably 
increased UPP levels by up to 50% and TKW increases by up to 61% (see Chapter 7). 
8.3.2 The NILs possessing expressed Ay HMW-GS can be utilised to improve quality of Australian 
wheat for the bakery industry 
Ay21* subunit allele had significant effect on baking quality in several ways, as found in this study. 
Firstly, the addition resulted in wheat lines with six HMW-GS, which has the potential to provide 
beneficial effects on dough properties, as demonstrated earlier by Shewry et al. (2000). Secondly, the 
alteration had a positive effect on baking quality. This is partly due to a balancing of the effect of subunit 
Bx7OE, leading to optimal dough strength. It has previously been proven that the Bx7OE HMW-GS 
increases dough strength more efficiently than Bx7 (Vawser et al., 2004). Australian cv. Lincoln has a 
higher relative amount of the Bx7OE HMW subunit, which makes the dough excessively strong, which 
may reduce baking quality (Bushuk et al., 1969). The extensograph results in this study showed lower 
extensibility and Rmax values for the introgression NILs. This is interpreted as the novel Ay subunit 
balancing out the effect of the Bx7OE subunit. The positive effect became evident in an increase of bread 
loaf volume by 8 to 28%, and bread texture and structure also improved in Ay21* introgression NILs 
compared to the recurrent parent Lincoln. 
It has been proven that 1Ay has a positive effect on breadmaking performance. Rogers el al. (1997) 
reported on the effects of two 1Ay alleles, including Glu-A1r, which improved stability during mixing, 
and Glu-A1a, which improved gluten strength. The current study investigated the breadmaking 
performance of introgression NILs carrying the expressed HMW-GS Ay subunit alleles Ay21* and 
AyT1 in Linvingston background NILs. 1Ay21* subunit increased the bread volume by up to 9.4% 
(straight -dough protocol), reduced dough mixing time by up to 14%. On the other hand, 1AyT1 subunit 
increased total grain protein by up to 9%, dough elasticity (Rmax) by up to 24%, reduced dough mixing 
time by up to 23% and increased bread volume by up to 2.4% (rapid-dough protocol) compared to the 
recurrent parent Livingston (Chapter 6). The long-fermentation baking test result showed that Ay 
introgression NILs had shorter mixing times with higher water absorption (WA). Dough mixing time 
also plays an important role in commercial baking. A relatively short dough mixing time is desired in 
the baking industry.  
This study also demonstrates that, when Ay21* interacts with Ax21, Bx17+By18, Dx5+Dy10 HMW-
GSs in Livingston background, NILs increase dough strength. On the other hand, when Ay21* interacts 
with Ax21, Bx17+By18, Dx2+Dy12 HMW-GSs in Bonnie-Rock background, NILs increase dough 
elasticity. Again when Ay21* is introduced in Lincoln, it balances the dough strength and improves the 
dough quality (Ay21*+Ax21, Bx7OE+By8, Dx2+Dy12). AyT1 in Livingston increases the protein and 
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baking quality (AyT1+Ax1, Bx17+By18, Dx5+Dy10). In summary, the expression of the 1Ay21* allele 
has the potential to improve baking quality, through balancing the dough rheological parameters. Both 
1Ay21* and AyT1 alleles possess the function of reducing dough mixing time and in the same time 
increasing the bread volume. 
8.3.3 In cv. Lincoln background, the expression of the 1Ay21* allele increased the protein content 
without a yield penalty 
In this study, the Lincoln-derived Ay NILs showed increased grain protein% and grain yield, indicating 
that protein content and grain yield can be increased simultaneously by introgressing the expressed Ay 
gene, demonstrating a great potential to ultimately increase Australian wheat productivity without 
increasing production costs. There were few studies of showing the effect that the expression of 
additional HMW-GSs. In those studies, protein quality and quantity usually got increased, but adverse 
effects on grain yield were also apparent (Johansson et al.,1993 and 1999).  
This study has demonstrated that the 1Ay NILs are well adapted to Australian growth conditions, 
comparable to the recurrent parents and to other popular commercial cultivars. In the 2014 trial, the 
protein yield ranking of the NILs and selected cultivars is: NIL 6-1 > Spitfire > NIL 6-4 > Westonia > 
NIL 6-7 > Lincoln > EGA Gregory > Sunvale (Table 5). All NILs are now at the advanced stage BC4F7 
thus having the potential of further developed into cultivars.  
8.3.4 Cloning and characterisation of a novel AyT2 HMW-GS allele 
The HMW-GS composition is known to be responsible for up to 50-70% of the variation in 
breadmaking performance, with considerable allelic composition influences involved (Wang et al., 
2013a). Many allelic variants have been identified and their effects on breadmaking performance 
reported and also present in Australian wheat cultivars (Ma, Zhang, & Gale, 2003). Among the known 
allelic variations, the subunit combination Ax1, Ax2, Bx7+By8, Bx7OE+Bx8, Bx7+By9, Bx17+By18, 
and Dx5+Dx10 is considered to have better baking quality compared their other combinations. 
However, little work has been carried out around the influence of the expression of the 1Ay HMW-GS 
on baking quality. Rogers and co-workers (1997) reported for example that the Glu-A1r locus, encoding 
HMW-GSs  1Ax39+1Ay40, improved dough stability during mixing, while the Glu-A1s locus, 
encoding HMW-GSs 1Ax41+1Ay42, led to an improvement in gluten strength (dough strength). 
Introgression lines of another Ay HMW-GS, TaAy7-40, characterised by Wang and co-workers (2018) 
showed higher protein content and higher wet gluten content in the flour. This study showed that Ay21* 
significantly increased dough strength and AyT1 dough elasticity and both improve baking quality. 
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The number of expressed 1Ay alleles is limited, since they are generally only present in durum and 
emmer wheat, two species that are much less explored than bread wheat. Exploration of additional novel 
expressed 1Ay alleles for use in bread wheat offers great potential to further improve end-product quality 
for the breadmaking industry globally. The studies presented in this thesis successfully characterised 
another novel, expressed 1Ay allele, identified as 1AyT2. This new subunit is clearly distinguishable 
from other Ay HMW-GS alleles. 1AyT2 possesses a six-amino acid insertion (QGQQPG) and another 
16 individual amino acid residue differences compared with Ay21, while nine amino acid residue 
differences were detected between AyT1 and AyT2. MALDI-TOF MS and SDS-PAGE analyses 
assigned a molecular weight of 68,550 Da to the AyT2 subunit (see Chapter7). 
The AyT2 allele was introduced into three Australian wheat cultivars (Yitpi, Livingston, and Kukri) 
using a backcrossing approach to generate introgression NILs at BC4F3. Protein quality test results 
showed that the introgressed AyT2 HMW-GS significantly increased UPP% and TKW (see Chapter 7). 
The advanced NILs could be utilised by wheat breeding programs for direct variety development or as 
a source to introgress the novel Ay subunit into bread wheat breeding lines to improve protein, dough 
and baking quality.   
8.4 Future research directions  
8.4.1 Field trials and quality testing of Ay21* introgression wheat lines  
Two years of field trials and large-scale quality testing was carried out for the Ay21* introgression 
wheat NILs. The results from the analyses carried out showed significant improvement of various 
quality attributes. However, further field trials are required, covering multiple locations and years, to 
confirm the utility as these lines as varieties or breeding parents.  
8.4.2 Development of specific molecular markers for the AyT2 subunit 
The presence of the AyT2 allele was confirmed throughout the crossing program by MALDI-TOF MS 
and SDS-PAGE. The full sequence of the novel allele is now known and will allow to develop allele-
specific markers for breeding purposes. 
8.4.3 Analysis of baking quality of AyT2 introgression NILs in hexaploid wheat 
The novel AyT2 HMW-GS allele was introgressed into commercial Australian wheat cultivar 
backgrounds. Small-scale protein quality and quantitative testing were done using BC4F3 generation 
seed but large-scale quality testing using grain from the field trials is still pending. These quality tests 
will need to be carried out to ascertain the positive contribution of the introgressed AyT2 subunit to 
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protein content and breadmaking performance before the materials can be more widely used by breeding 
programs. 
8.5 Novelty of this thesis and potential implications for future wheat grain quality 
research 
The key novelty of this thesis is that three 1Ay alleles, HMW-GS Ay21*, AyT1 and AyT2, were 
introgressed into Australian wheat cultivars for the first time. In general, Australian wheat has low 
protein content that affects wheat marketability in the international wheat market. This study finds that 
1Ay introgression increases the grain protein content, functional protein content (UPP%), dough quality 
and baking quality.  
8.6 Conclusion 
Through the introgression of expressed Glu-1Ay subunits (Ay21*, AyT1 and AyT2) into commercial 
Australian wheat cultivars, a series of trait enhancements were achieved, including a fine agronomic 
and quality trait combination, high protein content, and desirable balanced dough rheological properties 
for baking industry. High protein content of wheat grain is desirable but usually hard to achieve in 
Australia due to climatic and soil constraints, which limits the wheat industry’s profits. In general, 
higher protein also requires higher fertiliser inputs, which increases production costs. Meanwhile, high 
protein content usually is associated with low grain yield. Also, in the baking industry, a suite of dough 
processing parameters requires a balance. These represent the key challenges that the wheat industry is 
currently facing. The 1Ay subunit has provided an efficient solution to address these challenges.  
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Table 8. 1 HMW-GS composition of Ay21*, AyT1 and AyT2 introgression NILs and their 
recurrent Australian wheat parents 
Source: Bekes et al., (2006) 
 
 
  
AyT1 and Ay21* Lines and 
corresponding Parent 
HMW glutenin subunits 
Livingston AyT1  AyT1+Ax1, Bx17+By18, Dx5+Dy10 
Livingston Ax1, Bx17+By18, Dx5+Dy10 
Livingston Ay21* Ay21*+Ax21, Bx17+By18, Dx5+Dy10 
Livingston Ax1, Bx17+By18, Dx5+Dy10 
Bonnie Rock Ay21* Ay21*+Ax21, Bx17+By18, Dx2+Dy12 
Bonnie Rock Ax2, Bx17+By18, Dx2+Dy12 
EGA Eagle-Rock Ay21* Ay21*+Ax21, Bx17+By18, Dx2+Dy12 
EGA Eagle-Rock Ax1, Bx17+By18, Dx2+Dy12 
Bonnie Rock Ay21* Ay21*+Ax21, Bx17+By18, Dx2+Dy12 
Bonnie Rock Ax2, Bx17+By18, Dx2+Dy12 
Lincoln Ay Ay21*+Ax21, Bx7OE+By8, Dx2+Dy12 
Lincoln Ax2, Bx7OE+By8, Dx2+Dy12 
Chara Ay21* Ay21*+Ax21, Bx7OE+By8, Dx2+Dy12 
Chara Ax2, Bx7OE+By8, Dx2+Dy12 
EGA Gregory Ay21* Ay21*+Ax21, Bx7+By8, Dx2+Dy12 
EGA Gregory Ax1, Bx7+By8, Dx2+Dy12 
Livingston AyT2 AyT2+Ax21, Bx17+By18, Dx5+Dy10 
Livingston Ax1, Bx17+By18, Dx5+Dy10 
Kukri AyT2 
 
Kukri 
AyT2+Ax21, Bx7+B18, Dx5+Dy10 
 
Ax1, Bx7+By8, Dx5+Dy10 
Yitpi AyT2 
 
Yitpi  
AyT2+Ax21, Bx7+By8, Dx5+Dy10 
 
Ax2, Bx7+By8, Dx5+Dy10 
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Table 8.2 Protein, dough and bread quality of Ay21* and AyT1 HMW-GS introgression NILs  
 
 
  
NILs and 
recurrent 
parents 
Protein% UPP% WA% Extensibility 
(cm) 
Mixing 
time 
(sec) 
Bread 
volume 
(cm3) 
NIL 1-2 15.01 38.12 58.53 26.64 182.88 910.50 
Livingston 14.46 39.45 59.75 24.83 215.41 930.98 
NIL 2-2 14.56 36.00 59.88 26.63 199.77 942.50 
Westonia 13.48 35.64 57.74 20.31 219.44 877.50 
NIL 3-1 14.70 40.37 60.23 24.42 195.29 982.00 
Livingston 14.46 39.49 59.75b 24.83 215.41 930.98 
NIL 4-3 14.00 41.66 57.55 24.95 240.01 910.02 
Bonnie-Rock 13.49 36.45 57.21 24.20 247.21 847.50 
NIL 5-4 14.10 38.99 58.82 25.14 226.05 870.07 
EGA Eagle-
Rock 
14.21 38.54 58.83 25.53 241.03 869.16 
NIL 6-1 14.75 40.31 59.35 24.75 202.26 987.04 
Lincoln 13.65 33.95 56.85 28.05 202.12 882.21 
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